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Liquid-Metal MHD 
Topping Cycles 
By Michael Petrick 


For all practical purposes, development of the 
steam cycle has reached a plateau. Further 
gains in efficiency by increasing steam pres- 
sure and temperature do not appear very 
profitable. Thermodynamically, steam is a poor 
working fluid because it absorbs too little heat 
at the maximum cycle temperature. However, 
no other single fluid is superior when all fac- 
tors are considered. A logical improvement 
would be to use a binary system in whicha 
second working fluid is used in a “topping” 
cycle. 

A promising binary concept couples a liquid- 
metal topping cycle with a conventional steam 
bottoming cycle. In the topping cycle a liquid- 
metal magnetohydrodynamic (MHD) generator 
is tied directly to a liquid-metal-cooled reactor 
that heats the working fluid to 1500°F or pos- 
sibly to as high as 2000°F. 

Recent advances in magnetohydrodynamics 
show that an MHD device is a feasible way to 
convert heat into electricity. Although the 
plasma MHD cycle has a formidable obstacle to 
overcome—the attainment of adequate elec- 
trical conductivity within practical temperature 
limits—liquid metals have electrical conduc- 
tivities five orders of magnitude higher than 
the electrical conductivity of plasma. The power 
density of an MHD generator is directly pro- 
portional to the fluid conductivity times the 
squares of fluid velocity and magnetic flux. 
Thus, even though the velocities that can be 
achieved in a liquid-metal generator are about 
a hundred times lower than with a plasma, 
liquid-metal MHD systems have a greater po- 
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tential for compact or low-capital-cost gen- 
erators than do plasma MHD systems. 

The introduction of a topping cycle above 
1000°F creates problems that mustbe resolved, 
e.g., high-temperature-material limitations af- 
fect component fabrication, cost, reliability, 
and, most important, longevity. The lifetimes 
of power equipment of various maximum oper- 
ating temperatures are shown in Fig. I-1, which 
depicts typical experience with commercial 
rotating equipment, ducted gases, and reactors, 
as well as the goals of ambitious programs for 
Space power using thermionics and alkali- 
metal cycles.' It appears that a turboelectric 
topping cycle would be limited to a range of 
900 to 1400°F because of turbine reliability 
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problems. Unlike the conventional turboelectric 
generator, the MHD generator contains no 
moving parts that are subject to extreme tem- 
perature and dynamic stress and require close 
machine tolerances. As a result the MHD gen- 
erator should be able to operate under condi- 
tions that conventional energy-conversion de- 
vices could not tolerate for prolonged times. 


Liquid-Metal MHD Cycles 


Five types of cycles have been proposed for 
liquid-metal MHD power systems. They are 
similar in that they are based on the conversion 
of thermal energy into kinetic energy, which 
then is converted into electric energy by an 
MHD generator. The cycles differ primarily 
in the way the thermal energy is converted to 
kinetic energy. 


Two-Loop Two-Fluid Cycle. In the MHD cy- 
cle first proposed by Elliott? (of the Jet Pro- 
pulsion Laboratory) as a space power cycle 
(Fig. I-2), one metal circulates in the vapor 
loop and another circulates in the liquid loop. 
The fluid circulating in the vapor loop leaves 
the condenser as condensate and is pumped (by 
an electromagnetic pump) to the mixer, where 
it vaporizes on contact with the liquid; the 
vapor expands with the liquid through a two- 
phase nozzle, separates from the liquid in the 
separator, and recondenses in the condenser. 
Cycle efficiency is raised by a heat exchanger 
that cools the vapor while it preheats the con- 
densate. In the liquid loop the liquid is heated 
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Fig. I-2 In the two-loop two-fluid MHD cycle pro- 
posed by Elliott,? one metal circulates in the vapor 
loop and another circulates in the liquid loop. Con- 
densate from the vapor loop vaporizes when it mixes 
with hot liquid before both expand through a two-phase 
nozzle. 
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in the reactor heat source, is cooled as it 
vaporizes the condensate in the mixer, is ac- 
celerated by the vapor in the nozzle, separates 
from the vapor in the separator, decelerates by 
producing electricity in the MHD generator, 
and returns through the diffuser to the heat 
source. 


Two-Loop One- or Two-Fluid Cycle. The cy- 
cle proposed by Prem at Atomics International 
is also bicyclic.® It can be operated with either 
one or two fluids. The single-fluid version 
(Fig. I-3) is especially suited for large power 
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Fig. I-3 In the single-fluid version of the two-loop 
single- or two-fluid MHD cycle proposed by Prem,? 
hot partially vaporized fluid expands through a super- 
sonic nozzle before cooler atomized liquid is injected 
to form mostly liquid stream. 


stations. After the liquid metal in the first loop 
is partially vaporized by the heat source, the 
two-phase fluid expands by passing through a 
supersonic nozzle to transform the thermal 
energy to kinetic energy. Downstream of the 
nozzle, considerably cooler atomized liquid 
from the second loop is injected into the two- 
phase high-velocity stream. Momentum ex- 
change accelerates the injected stream, and 
mass and heat transfer between thetwo streams 
condenses the vapor component of the two- 
phase fluid. The resulting high-velocity pre- 
dominantly liquid stream enters the generator, 
where most of the fluid kinetic energy is trans- 
formed into electric energy. The second loop 
carries a portion of the liquid metal through a 
heat exchanger, where cycle waste heat is 
rejected. 


One -Loop One-Fluid Cycle. A simplified sin- 
gle-fluid version (proposed by Petrick‘ at Ar- 
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gonne) of the two-fluid cycle is shown in Fig. 
I-4, After the velocity of a two-phase mixture 
Or a Saturated vapor from the reactor is in- 
creased by being passed through the nozzle, 
the two-phase fluid passes directly through 
the MHD generator to produce electric energy. 
When the fluid has been condensed, it goes 
through a diffuser and back through the reactor. 
This cycle has fewer parts and is more effi- 
cient than the two-fluid cycle of Fig. I-2 be- 
cause of potentially lower friction losses and 
elimination of the vapor loop. Solubility and 
entrainment problems are also eliminated. 














8 
7 








Fig. I-4 In a simpler single-loop single-fluid ver- 
sion (proposed by Petrick*) of the two-fluid MHD 
cycle, heat converts liquid metal to a two-phase mix- 
ture or a saturated vapor before velocity is raised in 
the nozzle. There is no separate vapor loop, mixer, 
or separator. 


Two-Loop One -Fluid Condensing -Injector Cy- 
cle. The condensing-injector single-fluid MHD 
power cycle proposed by MIT’s Jackson and 
Brown’ (Fig. I-5) consists of a vapor loop 
(heating loop) and a liquid loop (heat-rejection 
loop). The vapor is generated in the reactor 
heat source and passes into the condensing 
injector, where it condenses in mixing with 
the liquid emerging from the waste heat ex- 
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Fig. I-5 In the two-loop one-fluid condensing-injec- 
tor MHD cycle proposed by Jackson and Brown,’ 
vapor generated by heat condenses whenit mixes with 
cooler liquid in the condensing injector before the 
fluid passes through the generator. 
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changer to give a high-velocity liquid that 
passes through the MHD generator, where 
the kinetic energy is converted to electric 
energy. Then the liquid separates into two 
streams; one returns to the reactor, where it 
is vaporized, and the other stream goes to the 
liquid loop, where waste heat is rejected. 


Slug-Generator Cycle. This cycle, proposed 
by Powell and coworkers at Brookhaven,’ is 
Similar in principle to a conventional steam- 
engine cycle. In this cycle (Fig. I-6) the vapor 
expands to accelerate liquid slugs through the 
generator. 

The two modes of operation are either (1) to 
keep the intake valve open during the expansion 
stroke and irreversibly exhaust the high-pres- 
sure vapor through a Joule—Thomson isoen- 
thalpic expansion to a condenser, or (2) toclose 
the intake valve partway through the cycle and 
continue an adiabatic isentropic expansion to 
condenser conditions. The latter is more effi- 
cient and is used in conventional steam engines. 


Potential Cycle Efficiencies 


Calculated efficiencies for the various liquid- 
metal MHD cycles are reported in Refs. 6 to 9. 
Although the primary emphasis in this review 
is on the performance of the MHD cycle asa 
topping unit on a central-station power plant, 
the results of these studies also can be applied 
to compact power systems. Data are presented 
on the following working fluids: mercury, 
mercury—potassium alloy (40 mole % potas- 
sium), potassium, cesium, and lithium. 


Two-Loop Two-Fluid Cycle. The efficiency 
of the Elliott cycle’ employing cesium and 
lithium is shown in Fig. I-7. Assumptions made 
in the analysis are that: (1) the kinetic energy 
is converted to electric energy in the generator 
with 70% efficiency, including the effect of all 
fluid friction losses between the separator and 
the generator and between the generator and 
the diffuser; (2) diffuser efficiency is 85%; (3) 
the vapor-loop pump is 50% efficient; and 
(4) the pressure drops across the reactor, 
radiator, and mixer are each 10 psi. 

Figure I-7 shows how cycle efficiency (de- 
fined as MHD generator output minus vapor- 
loop pump input divided by reactor thermal 
power) varies with sink temperature when the 
nozzle inlet is at 2000°F. Under the stated 
assumptions, cycle efficiency reaches a maxi- 
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Fig. I-6 


In the slug-generator MHD cycle proposed by Powell et al.° liquid-metal vapor expan- 


sion pushes liquid slugs through the generator ina manner veminiscent of a conventional steam- 
engine cycle. V designates valves for liquid metals; X represents transverse magnetic field. 
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Fig. I-7 The efficiency of the two-loop cesium— 


lithium MHD cycle proposed by Elliott reaches a 
maximum of 5.7% when the sink is at approximately 
1270°F (this curve is for 2000°F cesium—lithium at 
the nozzle inlet).9 


mum of 5.7% when the sink is at approximately 
1270°F. [At 30 kw(e) the flow rates are about 
19 lb of cesium per second and 120 lb of lith- 
ium per second.| The efficiency decreases at 
higher sink temperatures because the Carnot 
efficiency decreases; it decreases at lower 
sink temperatures because the separator area 
increases and more lithium vapor enters the 


radiator. 

Figure I-8 shows the cesium-—lithium cycle 
efficiency as a function of the liquid and gas 
flow rates, exit nozzle pressure, and generator 
efficiency.° 

It is apparent that this cycle has low effi- 
ciency. The maximum pressure of the system, 


and consequently the inlet pressure to the 
nozzle, is set by the working fluids used. For 
a cesium-—lithium system, the temperature 
and pressure before the nozzle were Set at 
2010°F and 150 psia. Thus the maximum the- 
oretical cycle efficiency is approximately 16% 
if the nozzle exit pressure is 0.25 psi and the 
generator is 100% efficient; but the maximum 
practical cycle efficiency is only approximately 
7.5% with a more realistic exit nozzle pressure 
of 10 psi and an 80%-efficient generator. 


Two-Loop One- or Two-Fluid Cycle. Effi- 
ciency analyses for both the single- and two- 
fluid versions of the Prem! cycle are shown in 
Fig. I-9; no attempt was made to optimize the 
cycle. Optimum cycle efficiency occurs at 
approximately 10% quality for a single-fluid 
system and supersonic nozzle inlet conditions 
of, 2000°F and an outlet temperature equal to 
the vaporization temperature of the fluid at 
14.7 psia. The upper three curves represent 
predicted efficiencies for the two-fluid cycle 
using an immiscible cesium—lithium mixture. 
The top curve shows how efficiency improves 
if the working fluid is expanded to 3 psia in- 
stead of 14.7 psia; the lower two curves (both 
of which are for 14.7-psia nozzle outlet pres- 
sures) show the importance of reducing aver- 
age radiator temperature from 1050 to 780°F. 

The predicted cycle efficiencies shown are 
based on assumed efficiencies of 70% for elec- 
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yates, exit nozzle pressure, and generator efficiency. 
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Prem with two fluids (upper three curves) is greater 
than with single fluids (lower two curves).’ Nozzle 
inlet is at 2000°F; outlet temperature is equal to the 
vaporizationtemperature at 14.7 psia, except for 


3 psia for the top curve. 


8 


trical conversions. The mechanical efficiency 
allows for losses in the nozzle plus frictional 
losses throughout the system; the electrical 
efficiency includes end losses in the generator 
and the magnetization current for producing 
the magnetic field. 


One-Loop One-Fluid Cycle. Typical predicted 
cycle efficiencies for mercury, mercury —potas- 
sium, and potassium are shown in Figs. I-10 to 
I-12. The maximum efficiency in the cycle 
occurs with 100% vapor quality at the nozzle 
inlet. 

Within the boundary conditions specified, 
mercury gives the highest efficiencies for the 
one-fluid cycle. The overall cycle efficiency is 
22.5% with the source at 1540°F, the sink at 
540°F, and the efficiencies of the MHD gen- 
erator and the nozzle are 75 and 80%, respec- 
tively. For the potassium—mercury mixture, 
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cycle efficiencies are approximately 10 to 
25% lower and are much more sensitive to 
the source and sink temperatures. 

In comparison with alkali metals, mercury 
and the mercury—potassium eutectic have lower 
boiling points, which permit operating tem- 
peratures nearer present technological limits. 
This advantage rapidly diminishes for the pure- 
mercury system because the vapor pressure 
of mercury increases rapidly with temperature; 
at 1540°F its pressure is 1762 psi. At the same 
temperature the vapor pressure of the mer- 
cury—potassium eutectic is only 198 psi. 

Of the alkali metals, the best fluid for the 
One-component cycle apparently is potassium, 
whose calculated maximum cycle efficiency is 
approximately 20% over the range 2240 to 
1160°F. Although cesium gives essentially the 
same efficiency as potassium, its lower elec- 
trical conductivity reduces its effectiveness in 
the MHD generator. The conductivity of sodium 
is higher than that of cesium or even potassium, 
but sodium as a working fluid yields the lowest 
cycle efficiencies. 
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Fig. I-13 Efficiency with mercury in the condensing- 
injector MHD cycle when the source is at 1860°F, the 
sink is at 860°F, and the liquid-to-vapor mass flow 
vatio is 5. For inlet liquid-to-vapor pressure ratios 
of 0.5, 1, 2, and 3, maximum contraction ratios are 
35, 49.2, 69.4, and 84.8, respectively. 
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Fig. I-14 Efficiency with potassium in the con- 
densing-injector MHD cycle when the source is at 
2700°F, the sink is at 1060°F, and the liquid-to-vapor 
mass flow ratio is 3. For inlet liquid-to-vapor pres- 
sure vatios of 0.5, 1, 2, and 3, maximum contraction 
ratios are 23.2, 33.0, 46.7, and 57.2, respectively. 


Two-Loop One-Fluid Condensing -Injector Cy- 
cle. Figures I-13 and I-14 show typical esti- 
mated efficiencies of the condensing-injector 
cycle with mercury and potassium.® For these 
computations it was assumed that the MHD gen- 
erator is 80% efficient and that the actual pres- 
sure rise in the condensing injector is 80% of 
theoretical. The cycle data show that mercury 
as a working fluid produces the highest cycle 
efficiency, 10%, and that it is followed closely 
by cesium at 8%. Sodium has the lowest per- 
formance potential. The ratio of the cycle 
efficiency to Carnot efficiency is in the range 
0.17 to 0.25. 

Some noteworthy trends derived from the 
cycle analysis are that: (1) cycle efficiency 
increases with injector contraction ratio and 
inlet stagnation pressure ratio but decreases 
with mass flow ratio (however, the variation of 
these parameters is limited by the second law 
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of thermodynamics); (2) cycle efficiency de- 
creases with sink temperature and increases 
with heat-source temperature; (3) increasing 
the velocity from the condensing injector so 
that the total stagnation head is caused mostly 
by the kinetic head requires the injector geom- 
etry to give a contraction ratio greater than 
50% of the maximum so that the MHD generator 
can be of the variable-area type, and thus it and 
the injector can be designed for much lower 
pressures. 


Slug-Generator Cycle. Figure I-15 shows the 
calculated maximum ideal cycle efficiency for 
the slug-generator cycle,° assuming no genera- 
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cycle with potassium vapor show thatadiahatic ex pan- 
sion is nearly twice as efficient as isopressure ex- 
pansion.® 


tor losses, for adiabatic and isopressure ex- 
pansions with potassium vapor. Note that iso- 
pressure expansion is about half as efficient as 
adiabatic expansion. As with all cycles, effi- 
ciency increases with vapor temperature. 


Overall Plant Efficiency 


The overall efficiency of a binary power sys- 
tem that has an MHD topping cycle and a nor- 
mal steam cycle as the sink or bottoming cycle 
can be estimated by combining the efficiencies: 


€c = €yup + (100—€yup) Esc 
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where €¢ is the binary cycle efficiency, € yin 
applies to the topping cycle, and €<- is the effi- 
ciency of the steam bottoming cycle. 

From this analysis the following conclusions 
are reached: 

1. The potential overall efficiency of a cen- 
tral-station nuclear power system employing a 
liquid-metal MHD topping cycle appears to be 
excellent. (A fossil-fired boiler using a liquid- 
metal coolant also could be used as the heat 
source, in which case the boiler could operate 
at high cycle temperatures with the low vapor 
pressures possible with liquid metals.) 

2. With an alkali metal as the working fluid, 
the maximum potential overall cycle efficiency 
appears to be 55% and results from either a 
potassium—steam or a cesium—steam binary 
cycle. The liquid-metal topping cycle operates 
between 2240 and 1100°F and produces 33% of 
the total power. The bottoming steam plant is 
the equivalent of a modern supercritical plant, 
such as the Eddystone unit, operating at 4000 
psi and 1050°F; the efficiency of the steam plant 
is estimated to be approximately 45% and is 
based on upgrading the published Eddystone 
efficiency of 40.7% by eliminating boiler and 
stack losses. 

3. The maximum potential efficiency of the 
mercury—steam binary cycle is approximately 
53%, which is slightly lower than the cesium— 
steam or potassium—steam binary cycle. This 
efficiency is based on the source being at 
1540°F and the condenser at 1100°F, If the sink 
temperature is dropped to 440°F, the overall 
cycle efficiency drops to approximately 47% 
even though the efficiency of the topping cycle 
increases substantially. Although mercury is 
thermodynamically the superior working fluid, 
it has several major drawbacks: (a) vapor 
pressure rises rapidly with temperature, ()) the 
use of additives to improve the wettability and 
heat transfer tends to increase operational 
problems considerably, (c) limited availability, 
and (d) relatively high cost. Thus the feasibility 
of the high-pressure mercury system is ques- 
tionable. 

4. For the medium-temperature range (1100 
to 1600°F), mercury—potassium alloy and po- 
tassium appear to be the most promising work- 
ing fluids for the liquid-metal cycle. Overall 
cycle efficiencies could be as high as 50%; the 
efficiency of the MHD topping cycle alone could 
be as high as 15% at a maximum working pres- 
sure below 75 psi. 
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Economics. Although no detailed economic 
studies have been reported, a preliminary 
study® indicates two major areas in which MHD 
topping cycles could save money: (1) the capac- 
ity of the steam bottoming plant could be re- 
duced in proportion to the power generated in 
the MHD topping cycle, and (2) fuel costs would 
be lower because of the increased efficiency. 
The money saved in these two areas is avail- 
able for converting the steam plant to the bi- 
nary cycle and thus is a measure of the eco- 
nomic incentive for doing so. 


For illustrative purposes, Fig. I-16 shows 
the total savings that would result from adding 
an MHD topping cycle to a base steam plant as 
a function of fuel cost and increase in plant 
efficiency. The values shown are for a 1000- 
Mw(e) plant operating with a 90% load factor, 
a cost of $30/kw(e) for the steam turbine- 
generator plant, and a 14.7% capitalization 
charge on the annual fuel savings (which trans- 
fers the annual fuel savings to an equivalent 
capital expenditure), As an example of the 
savings from a 20% increase in overall plant 
efficiency on a steam plant whose efficiency 
was 40%, the break-even point is approximately 


Liquid-Metal MHD: State of the Art 


Active experimental programs are under way at 
Jet Propulsion Laboratory, Atomics International, 
Brookhaven National Laboratory, Massachusetts In- 
stitute of Technology, and Argonne National Labora- 
tory to resolve uncertainties concerning the effi- 
ciencies of the various liquid-metal MHD cycles 
and components that have been proposed. 


The Jet Propulsion Laboratory program to develop 
a space power source is the most comprehensive 
effort in liquid-metal MHD research that has been 
reported. In addition to tests on the MHD generator 
with NaK as the working fluid, the nozzle, separator, 
and diffuser have been tested with water and nitrogen. 
The nozzle has delivered 90% of isentropic exit ve- 
locity, the separator had about 1% liquid loss and 
20% velocity loss, the diffuser was 75% efficient, and 
the generator operated at approximately 50% effi- 
ciency. Potential lifetime limitations due to erosion 
and to insulator loss were also investigated in water- 
flow and lithium-capsule tests; results indicated 
negligible material loss up to 1000 hr.*»!° 
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Fig. I-16 Savings from increasing plant efficiency by 
adding MHD topping cycle to a base steam plant® 


$25 million for a fuel cost of $0.20/10° Btu. 
The 20% increase in cycle efficiency can be 
achieved by an MHD topping cycle whose effi- 
ciency is 12.5%, which could be obtained with a 
maximum cycle temperature near 1600°F. 


The Atomics International development program is 
studying (1) the simultaneous mass heat-transfer and 
momentum-transfer process, which occurs in their 
“drift tube”; (2) the electrical resistivity of two- 
phase mixtures under various pressures, tempera- 
tures, void fractions, and impurities; and (3) genera- 
tor types and performance. (Analyses and research 
toward the development of an MHD electric generator 
suitable for utility applications are being sponsored 
by the Edison Electric Institute.) The only results 
reported pertain to the acceleration and momentum- 
transfer process. Studies with sand and air indicate 
that the acceleration is accomplished very rapidly, 
reaching 60% of the air velocity at a distance of 30 to 
40 cm from the injection point. !! A potassium test- 
loop facility has been built to demonstrate the overall 
power-conversion process. 


The Argonne National Laboratory program is 
Studying the performance of liquid-metal generators 
and evaluating the condensing injector. The generator 
experiments will provide data on its efficiency with a 
dispersed two-phase entering fluid for various gen- 
erator geometries, angles of incidence of the entering 
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fluid, and phase distributions. A second study, with a 
single-phase fluid, will confirm end losses in vari- 
able-area generators and establish maximum genera- 
tor efficiencies, develop means to minimize end 
losses, and investigate the fluid mechanics of the 
generator. These investigations will provide data for 
defining the actual efficiencies of the condensing 
injector and two-phase single-fluid cycles. 


At Massachusetts Institute of Technology, Jackson 
and Brown have concentrated on developing the con- 
densing injector and the a-c generator. Brown has 
shown that a large pressure rise across the con- 
densing injector is possible if a convergent mixing 
section is used. Jackson and coworkers’*-'* have 
developed the theory and outlined the performance 
limitations of the a-c induction generator. Experi- 
mental equipment is being fabricated to obtain ex- 
tensive data on the performance characteristics of 
the a-c generator. 


The Brookhaven National Laboratory program is 
oriented primarily toward investigating a slug gen- 
erator.® Extensive studies of slug stability were made 
using high-speed movies of water, methanol, and 
mercury Slugs accelerated through rectangular chan- 
nels. Measurements of hydrodynamic and hydromag- 
netic wave growth rates agree approximately with 
theory. A mercury slug generator has reached an 
output of 100 watts, and, although its efficiency was 
only 10%, work is under way on an alkali-metal slug 
generator whose efficiency is expected to be 90% or 
greater, Also, work is being done on a reciprocating 
solid-piston MHD generator. 


Others. Although programs are also being con- 
ducted at Allgemeine Elektrizitatsgesellschaft in Ger- 
many and at Space Technology Laboratories in the 
United States, they have not been reported in detail. 


When these experiments have been completed, it 
should be possible to make a more thorough ap- 
praisal of the merits of the various liquid-metal 
MHD power cycles. Both efficiencies and needed 
materials development will be more clearly defined. 


Comparison of Liquid-Metal 
and Plasma MHD Cycles 


Because most of the work done in the field of mag- 
netohydrodynamics has been on the plasma MHD 
cycle, the major problem areas and limitations of 
this concept have been pinpointed. 

Efficiency and Temperature. Gunson et al.'4 have 
described a detailed study of a binary plasma MHD— 
steam power plant. Rosa and Kantrowitz’® have cal- 
culated efficiencies for a closed-cycle plasma MHD— 
steam binary system, as well as for a purely MHD 
system; Fig. I-17 is based on their study. Both stud- 
ies involved a helium cycle. Gunson reports a net 
efficiency of 47.1% for a plasma MHD-—steam binary 
cycle operating with a top temperature of 3000°F. 
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Fig. I-17 Plant efficiency with a closed-cycle plasma 
MHD-—steam binary system exceeds that with a pure 
regenerative plasma MHD cycle when the top cycle 
temperature exceeds 2500 to 3500°F. Symbols: B, 
boiler; C, compressor; E, electrical output; G, gen- 
erator; H, heat source; IG, inert gas; M, MHD gen- 
erator; MO, motor; R, regenerator; T, turbine; and 
W, waste heat.4 


For the same condition, Fig. I-17 indicates a value of 
approximately 51%. Thus, to better the efficiency of 
a modern steam plant, the temperature of a binary 
plasma MHD-—steam plant must approach 3000°F. 
Temperatures must approach 4000°F to achieve 
overall cycle efficiencies of 55%. It also is interesting 
to note that the pure regenerative plasma MHD cycle 
(also shown in Fig. I-17) must approach 4000°F to 
achieve 50% efficiency. In studies of the open-cycle 
combustion-fired plasma MHD cycle, Way and Young”® 
indicate that the overall efficiency of a binary system 
is 43 to 50% for a cycle top temperature of 4500°F; 
the highest efficiency would be achieved with a super- 
critical steam plant as the bottoming cycle. In com- 
parison, liquid-metal MHD-—steam binary system 
overall efficiencies of 50% appear possible at ap- 
proximately 1600°F, and efficiencies of approximately 
55% appear possible below 2200°F. 

A major factor that tends to reduce the efficiency 
of the plasma MHD cycle is that it is essenually a 
Brayton cycle, and so a large fraction of the power 
generated is required for the compressors circu- 
lating the gas. For example, in the study made by 
Gunson et al., about 25% of the total electricity 
generated was used by the compressors. Seeding 
techniques and heat sources greater than 3200°F 
probably will be required to achieve an adequate 
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conductivity of the plasma in the plasma closed-cycle 
system. Although the development of a commercial 
reactor to operate at 3200°F appears possible, there 
are many unanswered questions about fuel perfor- 
mance and structural behavior. 


Magnet Size and Cost. In addition to efficiency at 
reasonable temperatures, the liquid-metal MHD cycle 
offers other potential advantages. The power density 
achievable in a liquid-metal generator might be an 
order of magnitude higher than for a plasma gen- 
erator; consequently smaller and less expensive 
magnets or coils (superconducting or normal) are 
feasible. Because the magnet or coil is a major cost 
item in an MHD plant, these potential savings are 
important. 
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Direct A-C Generation. Because d-c to a-c con- 
verters are expensive, the possibility of direct a-c 
generation is especially attractive. Jackson and Pier- 
son’? have shown that the feasibility of an MHD in- 
duction generator depends on a high magnetic Reyn- 
olds number, which is based on the wavelength of the 
field structure and the velocity difference between 
the wave and the fluid. Ionized gas flows in the con- 
ductivity range attainable now have very low mag- 
netic Reynolds numbers, approximately 107’, and 
therefore direct a-c generation with such gases does 
not appear to be feasible. On the other hand, a char- 
acteristic magnetic Reynolds number of a liquid- 
metal generator would be approximately 10; thus the 
probability of producing a-c power directly is much 
more promising. 
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Evaluating Heavy-Atom 
Cross Sections for 
Plutonium-Recycle 
Calculations 


By Edwin M. Pennington 


Reactivity calculations were made! for Yankee 
critical experiments and for Hanford experi- 
ments that involved plutonium fuel. The calcu- 
lational methods were standard. But significant 
is the fact that large reactivity differences were 
obtained by using different cross sections in 
the same computational model. 


~ 


Experiments 


The Yankee criticals studied consisted of 
four lattices with H,O-to-UO, volume ratios 
varying roughly from 1 to 3.5. The UO, con- 
tained 2.73 at.% *®U and was in 122-cm-high 
pins of 0.381-cm radius; the pins were clad 
with stainless steel 0.0407 cm thick. 

Hanford criticals had PuO,—UO, in 123-cm- 
high pins of 0.472-cm radius clad with zirco- 
nium 0.0685 cm thick; the isotopic enrichments 
were 1,366 at.% *Pu, 0.117 at.% “Pu, 0.011 
at.% *4pu, 0.219 at.% **U, and 98.287 at.% 
238, Four lattices were examined with H,O-to- 
UO, volume ratios varying from 1 to 5. 

Subcritical experiments at Hanford used 1.82 
wt.% plutonium—aluminum fuel, with the pluto- 
nium consisting of 93.97 wt.% ***Pu, 5.58 wt.% 
40Du, and 0.44 wt.% *“'Pu. The pins were 111.3 
cm high, of 0.635-cm radius, and were clad 
with zirconium 0.0762 cm thick. Five water- 
moderated lattices with hydrogen-to-plutonium 
atom ratios varying from 630 to 1418 were 
investigated. 


210 





Physics 


Calculations 


The calculational model of Ref. 1 involved 
three fast groups and a thermal group. Fast- 
group constants were obtained from the GAM-I 
code? using the original library,° except that 
versions of *°Pu and *“°U having resonance 
parameters were used, and the Hanford RBU 
library‘ values were used for 7°°U. When * Pu 
was involved, self-shielding factors calculated 
with the RIC code® were input to GAM-I. The 
RIC code computes resonance integrals in a 
manner Similar to the Adler—Heinman—Nord- 
heim method® used in GAM-I. 

A preliminary SOFOCATE!’ problem using the 
actual isotopic densities as input provided 
thermal-group constants. The resulting cross 
sections were then used in a DSN® cell calcula- 
tion with an extra scattering region to mock-up 
the isotropic return at the cell boundary. A 
final SOFOCATE problem using the DSN flux- 
weighted isotopic densities as input provided 
the thermal-group cross sections. Thermal- 
neutron cross sections for a: 240 Du, and 
*41Dby for the SOFOCATE library were taken 
from Ref. 9. For **Pu, o, values from Ref. 9 
were used with values of a adjusted as de- 
scribed in Ref, 1. 

The four-group cross sections obtained as 
described above were uSed in one-dimensional 
diffusion theory (REX) calculations to obtain 
keg for the experimental radius. Values of Ress 
were within approximately 1% of experimental 
values for all cases. 


Comparisons 


For the Yankee critical experiments, cal- 
culations were done both with the RBU library 
version of *y and the original GAM-I oityy 
Figure II-1 shows the calculations and provides 
a striking example of the reactivity differences 
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Fig. II-1 Comparison of computational model with 
Yankee critical experiments. 


that can result from using different cross sec- 
tions in the same calculational model. Values 
of k.,, for the tightest lattice differ by over 3%, 
whereas it is desirable to calculate with an 
error of not more than about 1%. Even larger 
differences result!’ from using various cross 
sections in the same model for the highly 
undermoderated high-conversion critical ex- 
periments.!~* 

For undermoderated light-water lattices, in 
which above-thermal processes are of con- 
Siderable importance, uncertainties in cross 
sections are of more Significance than errors 
produced by using approximate calculational 
methods. There is need for further work to 
determine basic cross-section data for use in 
reactor-physics computations. 


Critical and Exponential 
Experiments with 
Plutonium 


By Karl E. Plumlee 


Plutonium produced by modern nuclear power 
plants significantly affects their economy. 
Various uses are made of recycled plutonium. 
Some has been used to enrich depleted ura- 
nium (as will be described). Plutonium also 
can be used for fuel spikes, driver regions, 
and full cores in reactors that require the 
larger number of neutrons produced per fis- 
sion in plutonium than in uranium; in compari- 
son with uranium, this characteristic tends to 
produce higher neutron fluxes without increasing 
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the power level, which is an advantage for re- 
Search and production reactors. On the other 
hand, if plutonium composition varies spatially, 
as it does during the operation of many cores, 
it poses a challenge to the physicist or engi- 
neer who is interested in determining the flux 
and power throughout such a core. 


The Need for Data 


Recent reports of critical ard subcritical 
experiments indicate growing interest in plu- 
tonium-enriched cores and in the use of plu- 
tonium recovered from spent fuel.!4~*4 Devel- 
opment of more durable fuel elements permits 
longer fuel exposures and greater plutonium 
utilization before the spent fuel must be re- 
processed. Such highly exposed fuel contains 
plutonium having sizable concentrations of 240 Dy 
and *“!pu (the *“"Pu is formed by nonfission 
capture of neutrons in ***Pu, and the “Pu, by 
capture in “°Pu). Because *40Du has a large 
capture resonance for l-ev neutrons, its reac- 
tion rate varies nonlinearly with neutron-energy 
distribution as well as concentration (because 
of self-shielding). Thus differences in geometry, 
and operating variables, such as moderator 
temperature, affect the *49By reaction rate. 
Designers must know the extent of these effects 
if plutonium is to be used economically. 

Predictions of reactivity, power and tem- 
perature coefficients, burnup, and power and 
flux distributions are quite complicated for 
plutonium systems—particularly in the often- 
encountered situation in which both plutonium 
and uranium are in the core. Consequently 
experiments are needed to develop and check 
analytical approximations. 


Experiments 


Because there are several variables to be 
considered, measurement of the reactivity ef- 
fects in plutonium cores requires carefully 
designed experiments and various fuel samples. 
But the elaborate procedures and equipment re- 
quired with plutonium make fuel preparation 
and critical experimentation difficult. The ex- 
treme toxicity of plutonium limits permissible 
contamination to very low levels; the rapid 
accumulation of radioactive daughter elements 
severely limits the exposure time permitted 
during fuel handling. 

In addition to showing the kinds of work being 
done, a review of the experiments being con- 
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ducted will indicate rates of progress and the 
problems encountered, even though some of the 
work is preliminary. 


UO,—PuO,, Water Moderated. Critical and 
subcritical water-moderated experiments, 
fueled by rods of 1.5 wt.% PuO, blended with 
depleted UO, (0.22 wt.% 7*u in uranium), have 
been performed at Hanford.’ Part of this fuel 
is being used in the Plutonium Recycle Program 
in the EBWR (Experimental Boiling Water 
Reactor), which will involve lengthy operation 
of the reactor to study reactivity trends, fuel 
burnup, and operational problems with a plu- 
tonium-fueled region. The 4-ft-high fuel rods 
_are clad with Zircaloy-2 tubing 0.37 in. in 
diameter and 0.03 in. in wall thickness. The 
oxide-fuel content averages 827 g, of which 
approximately 86.7 wt.% is uranium and 1.3 
wt.% is plutonium; the plutonium isotopic com- 
position is 91.4 wt.% 7**pu, 7.8 wt.% *4°Pu, and 
0.73 wt.% *4'Pu. 

The fuel rods were loaded in the subcritical 
experiment with hexagonal pitches of 0.55, 0.60, 
0.71, 0.80, 0.90, and 0.93 in.; as much as 96% 
of the critical mass was accumulated so that 
inverse multiplication methods could be used to 
extrapolate the data to criticality. These ex- 
trapolated subcritical-experiment loadings indi- 
cated 2 to 5% smaller critical masses than 
predicted by calculations that were made using 
computer codes (GAM-I, HRG, TEMPEST, and 
THERMOS for cross sections, and HFN for 
criticality). Critical experimentation using the 
0.7-in. fuel spacing indicated a somewhat larger 
critical loading (496 fuel rods) than did the sub- 
critical experiment with the same _ spacing 
(484 rods). The change was mainly the result 
of component modifications, such as substitu- 
tion of polycarbonate for Lucite plastic grids 
(or templates) to space the fuel rods. 


Uranium and Plutonium Alloys, Graphite Mod- 
erated. A series of measurements was made 
at Winfrith in subcritical plutonium- and ura- 
nium-metal-fueled graphite-moderated assem- 
blies that were representative of up to 4000 
Mwd/metric ton fuel exposure. ! The facilities, 
which were called Scorpio-I and Scorpio-II, 
were designed for buckling measurements and 
for fine flux and power-distribution measure- 
ments at 20 to 390°C; the experiments were 
planned to yield data for evaluating methods of 
calculating reactivity and temperature coef- 
ficients in power reactors. Plutonium composi- 





Vol. 8, No. 4 


tions of % and 44% of the uranium content 
were employed, with 2.5 to 3.2% *4°Pu in the 
plutonium; composition of **°U was 0.42 to 0.44% 
in the uranium rods. In some cases the plu- 
tonium was present in plutonium—aluminum 
alloy strips, whereas in others plutonium— 
uranium rods were used; fuel-rod diameters 
were typically 1.1 to 1.2 in., and the length was 
18 in. Volume ratios of moderator to fuel were 
from 17 to 108. Square lattice pitches were 7, 
8, 9.9, and 11.3 in. Scorpio-I was the larger 
assembly with minimum dimensions of 84 by 84 
by 84 in.; there were a few significantly larger 
arrays; the largest reported was 98 by 112 by 
91 in. Details of the techniques used to mea- 
sure power distribution in Scorpio-II have been 
described. '® 


Sample Measurements in Reactors. Related 
experiments were carried out by introducing a 
variety of 18-in.-long samples (similar to those 
described in Ref. 15) into an insulated cell in 
the uranium-—graphite reactor Hector.'’ Be- 
cause only samples are needed rather than 
complete uniform lattice loadings, this tech- 
nique offers the advantage of savings in cost of 
fuel and in preparation. 

Reactivity differences were measured over 
the range 20 to 450°C. Analysis of the results 
yielded values of k., agreeing within 0.5% with 
the values obtained from uniformly loaded lat- 
tices. The report indicates that the effects of 
small perturbations in fuel composition (pres- 
ence of small amounts of plutonium) can be 
compared without large corrections being ap- 
plied in the analysis of results —provided the 
lattice spacing is large, typically 8.5 in. or 
larger. A comparison of the experimental re- 
sults with the Tracer method of lattice calcula- 
tion shows good agreement for room-tempera- 
ture reactivities, but the calculation gave R,, 
values 1.5% lower than those measured at 
400 to 450°C. 


Experiments in France 


A list of French CEA-operated critical facili- 
ties and typical experiments has been pub- 
lished.'® Two graphite-moderated facilities are 
mentioned: Marius, which is operated at room 
temperature, and Cesar, which is operable at 
high temperatures. Aquilon is a D,O facility, 
and both Alize and Azur are H,O experiments. 
Alecto-I and Alecto-II are homogeneous-solu- 
tion experiments. 
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Marius is a natural-uranium-—graphite reac- 
tor that has been used for survey work, includ- 
ing variation of lattice pitch (19 to 38 cm), 
diameter of fuel channels (7 to 14 cm), and 
fuel-element geometry, including both annular 
and rod type fuel.'® Tubular fuel elements were 
3 to 10 cm in diameter, and fuel rods were 3 to 
6 cm in diameter. The data have been used to 
develop improved methods of calculation, par- 
ticularly in regard to large annular fuel ele- 
ments. The development program requires mea- 
surements of relative fission rates in *°°Pu and 
3547 and of their reactivities by oscillation and 
by substitution methods with plutonium—ura- 
nium fuel, irradiated fuel, and enriched and 
depleted samples. Experimental data and meth- 
ods of analysis for obtaining reactivities, migra- 
tion lengths, and related information have been 
reported.'® 


Marius and EDF-1. Measurements and anal- 
yses of flux fine structure and of indexes of 
neutron-energy spectrum, including some ele- 
vated-temperature experiments in the EDF-1 
power reactor, aS well as in Marius, have been 
reported.”° The first part of the report details 
methods of fine-structure measurement and 
interpretation using 235q7, 239Du and | In bare 
and cadmium-covered detectors, as well as 
comparison with calculated fuel and moderator 
flux ratios obtained by the Amouyal—Benoist— 
Hurwitz method. The second part concerns 
spectral index measurements (including *°’Pu, 
ig indium, manganese, europium, and lutetium 
detectors), details of data treatment, and en- 
vironmental conditions. 


Marius and Minerve. Systematic experiments 
using oscillation techniques have been used to 
determine the reactivities as functions of sample 
composition of *U (enrichments up to 86%), 
239pu, and boron (up to 12 ppm), for comparison 
with irradiated fuel samples.”! The changes in 
effective cross sections of fuel as functions of 
neutron-energy spectrum and exposure will be 
studied by sample irradiation in the EL3 (D,O) 
reactor, followed possibly by reactivity mea- 
surements in Minerve and by chemical and 
isotopic analysis. The precision of various 
techniques used to measure small reactivities, 
including sinusoidal- and square-wave input of 
reactivity or source, and also pulsed-source 
methods, has been studied.” Time require- 
ments for equivalent accuracy are estimated 
for comparable methods. Limitations of the 
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various methods are analyzed and reported, 
and sensitive areas are pointed out. 


Aquilon-ll. Bucklings and migration areas 
with depleted, natural, enriched, and pluto- 
nium-alloyed uranium lattices have been mea- 
sured”? in the D,O reactor Aquilon-II. Progres- 
Sive substitution measurements were made as 
the reference cores (natural-uranium lattices) 
were replaced by fuels containing 0.69, 0.71, 
0.83, or 0.86% **U, and natur:’ uranium plus 
0.043% plutonium. Uranium pieces were 23.4 
cm long and 2.9 cm in diameter; when as- 
Sembled with aluminum containers, the rods 
were 240 cm long and 3.2 cm in diameter. The 
plutonium—uranium assemblies included double 
aluminum jackets and were also 240 cm long 
but 3.4 cm in diameter. Lattice pitches were 
12, 13, 17,19, and 21 cm. The analysis indi- 
cates consistent results by use of standard 
treatment. An interesting technique involves 
using the spontaneous neutron emission rate to 
measure the uniformity of the plutonium in the 
plutonium—uranium elements. 


Homogeneous Experiments 


Critical experiments have been conducted with 
H,O solutions of 90% enriched uranyl nitrate 
and of plutonium nitrate.4“-"8 The experiments 
provide data needed for safely handling fis- 
sionable material in solution. Typical geome- 
tries were cylinders and annuli. In addition to 
bare and H,O-reflected systems, there were 
thick reflectors of wood and concrete and thin 
shells of cadmium. Experimental and calculated 
compositions of solutions involved plutonium in 
the range 19 to 104 g/liter. Experimental 
measurements are given for several geome- 
tries;*4 values of k,,, calculated by two- and 
four-group diffusion theory are also given for 
several cores; critical-height measurements 
are also compared with calculated values. 
Agreement was within 1% in most of the plain- 
geometry experiments. Further calculations 
were by the transport code TDC employing the 
S-4 approximation and four neutron-energy 
groups with RZ geometry. Monte Carlo calcula- 
tions also are reported, and these indicate that 
20 to 30 min of computer time is required to ob- 
tain a precision of approximately 1.2% in 
k.for complicated geometries involving plu- 
tonium solutions. 

Homogeneous plutonium—hydrogen critical- 
mass measurements performed at Hanford over 
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the past few years have been summarized.”? 
Data are reported for hydrogen-to-plutonium 
atomic ratios ranging from 15 to 870. The 
effect of nitrate was studied for concentrations 
as high as 460 g of NO; per liter. Assemblies 
were made with bare spherical geometry, with 
cadmium liners, and with reflectors of H,O, 
paraffin, or concrete. A number of PuO,— 
polystyrene plastic assemblies were reported, 
particularly for lower hydrogen-to-plutonium 
ratios. Information helpful in understanding the 
physics of the plutonium homogeneous systems 
was developed. Experimental techniques in- 
cluded standard critical-mass measurements, 
noise measurements, pulsed-source experi- 
ments, and spectral-index measurements with 
foils. Temperature variations also were studied. 


Use of Soluble Poisons 
in Critical Experiments 


By Karl E. Plumlee 


Boric acid was used to poison the moderator 
of the Alize-II critical facility.*® This was done 
to obtain measurements of temperature coef- 
ficients and excess reactivities at various 
temperatures; boric acid concentrations ranged 
from 20 to 300 ppm boron. Fuel was aluminum- 
clad enriched-uranium—aluminum alloy con- 
taining 12.8 g of **U per fuel plate. Plate 
size was 0.1 by 7.9 by 65 cm. Core composi- 
tion was varied by assembling aluminum, boron— 
aluminum, and zirconium components, as well 
as fuel plates, into boxes. The boxes were 
inserted into grid positions to form cores. 
Different grids were available, providing a 
selection of box spacings. Numerous details 
are given of the steps taken to control the 
boron solutions. Measurements of boron deposi- 
tion rates on aluminum, zirconium, and coated 
surfaces are reported for various conditions 
of temperature, concentration, etc. Residual 
amounts in the core were reported, as well 
as methods of analysis for less than 1-ppm 
boron concentration in rinse water. Degassing 
of the moderator to prevent bubble formation 
during temperature-coefficient measurements 
is also described. 

Soluble-poison studies also have been con- 
ducted with cadmium sulfate solutions.*! Cad- 


mium solutions, which are alternatives to boron 
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solutions as reactor poisons, were studied in 
detail to determine the circumstances under 
which irreversible deposition occurs on reactor 
components. Quantitative laboratory measure- 
ments were made with various surface finishes, 
both aluminum and zirconium components, and 
with variations of temperature, pH, etc., with 
13-ppm cadmium solutions. 


Water-Reactor Data 
Generally Verify Theory 


By Charles N. Kelber 


The growth ot low-enrichment light-water- 
cooled and -moderated power-reactor tech- 
nology has in large measure been predicated 
upon a massive amount of experimental and 
theoretical work in reactor physics. Although 
some discrepancies remain, a recent summary” 
demonstrates basic agreement between theory 
and experiment for these systems. Thus reactor 
theory can be used confidently as the major 
predictive tool in the design of these systems. 


Material Buckling 


Material-buckling measurements and calcu- 
lations are compared and examined for system- 
atic error. Two methods are in common use 
for measuring material buckling: “flux shape” 
and “variable loading.” The flux-shape method, 
which uses a fit to activation traverses, has a 
major difficulty in that data from points near 
the lattice boundary must be rejected and, 
especially in small systems, the detector re- 
sponse depends on the system size. The variable- 
loading method involves measuring the axial 
flux distribution for each of many different- 
sized loadings of the lattice. A two-parameter 
least-squares fit to the axial buckling vs. 
lattice radius yields the reflector savings and 
material buckling. The basic assumption that 
leads to systematic error is the constancy of 
the radial-reflector savings. Theory predicts 
that this is not so, but to remove this assump- 
tion requires a three-parameter least-squares 
fit, with a loss of accuracy, in general. 

Similarly, a number of systematic errors 
were found in theoretical analysis. Three chief 
sources were (1) use of incorrect thermal- 
neutron cross sections for mes (2) neglect of 
the effect of cladding on the Dancoff correction, 
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and (3) overestimation of the fast effect. Buck- 
ling data were sorted for 96 lattices, and theory 
was compared with the experiment. For the 11 
lattices with the smallest reported error in 
buckling, the predicted ke. had an average 
value of 0.9992 + 0.0016 instead of 1.0. For 55 
lattices the average predicted ke is 0.9988 + 
0.0027. The greatest discrepancy, as expected, 
is in predicting the properties of closely packed 
lattices. The authors conclude that the “usual 
four-group theory” systematically underesti- 
mates the worth of the radial reflector. 


Ratio of 238U to 235U Fissions 


A quantity directly related to the fast effect 
is the ratio of fissions in °**U to those in 7u, 
6°°. The determination of 62° depends on knowl- 
edge of a function P(?/’,¢), the ratio of measured 
activity per fission in *U to that from ***u; 
t’ is the irradiation time, and ¢ is the time be- 
tween shutdown and measurement of the activity. 
Uncertainties in P(?’,¢) contribute an error of 
5% to 6°® For specific fission products such 
as ‘°La, the function P(¢’,t) is a constant, but 
the relative yields are uncertain. 

Fast-effect calculations are fundamentally 
homogeneous-mixture calculations, but heter- 
ogeneity calculations show that the rod advantage 
factor can yield as much as 1% in kes and 25% 
in 67°. These effects can be treated accurately 
enough by a one-group treatment of neutrons 
above the fast-fission threshold in 7**u, Monte 
Carlo calculations using the MOCA-2 code*® 
agree excellently with experiments. A simple 
relation can be obtained from a two-region 
representation of the lattice cell. The fast 
advantage factor (ratio of average flux in the 
fuel to that in the moderator) ¢2® can be 
represented by 


c8=1+ V/V Bry 1, 


where V; = moderator volume 
Vp) = fuel volume 
2, = removal plus absorption cross sec- 
tion of the moderator 
1) = mean chord length of the fuel 
8=a numerical factor that can be re- 
lated to the chord-length distribu- 
tions in fuel and moderator 
B= 0.67 for a single rod and approxi- 
mately 0.45 for typical light-water 
lattices 
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A second result is that 67° (effects of leakage 
neglected) is given by 


678 = 628 7/(y + 1) 


where / is 1) + V)/X4Vj, y is the mean free path 
in the fuel augmented by fast fission, and 62° is 
the fission ratio in an infinite biock of fuel. 
This representation works best for closely 
spaced lattices. 


Resonance Capture in 238U 


Measurement of this quantity or of the related 
ratio p”® (epicadmium to subcadmium capture 
ratio) is too inaccurate to evaluate the various 
theoretical methods available. Although some 
progress is being made, the authors feel that 
“.,.new and improved experimental methods 
are necessary to resolve the problems of 
resonance-neutron capture in light-water lat- 
tices.” 


Thermal-Neutron Distributions 


Errors in measurement of thermal-neutron 
spatial and spectral distribution by means of 
foil activation stem in part from perturbations 
of the flux by the foil holder. Another source 
of error is reduced by careful selection and 
calibration of foils. Theoretical techniques in 
common use are the MARC-2B (Ref. 34) and 
THERMOS” codes and the Nelkin scattering 
kernel. Predicted and measured spectra and 
distributions are in good agreement, but dis- 
crepancies of 1 to 5% in the disadvantage 
factors remain. 

An important source of theoretical error is 
the treatment of the boundary, especially in 
closely packed lattices. Use of a condition of 
isotropic return eliminates most of this source 
of error. 


Reactivity Changes 
with Long Irradiation 


By Bernard |. Spinrad 


As plant capital costs go down, reactor fuel- 
ing costs become a larger fraction of power 
cost. Therefore the incentive to reduce fuel- 
cycle costs in reactors becomes greater, and 
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the impact of even small cost reductions be- 
comes more Significant. The ability to under- 
stand and predict the isotope and reactivity 
history of the reactor and its fuel is the 
major physics contribution to fuel economy. 


Fuel-Management Methods 


There are three general regimes of fuel 
management, and these depend on the specific 
power of the reactor. For reactors of low 
specific power dnd long fuel residence times 
(several years), reactivity changes are small 
over appreciable lengths of time; then, because 
the problem is to schedule fuel loading and 
unloading most advantageouSslLy, reactivity- 
change studies emphasize the achievement of 
criticality under steady-state fuel management. 
(The same situation holds for higher specific- 
power reactors if they have rapid fuel-change 
mechanisms, as do CANDU and the newer 
British gas-cooled reactors.) 


For reactors of somewhat higher specific 
power, such as most of the higher power water 
reactors, refueling is notdone frequently enough 
to be used as the major means of reactivity 
control. Because fuel residence times are from 
one year to a few years, reactivity changes 
appreciably during irradiation, requiring the use 
of control systems for major shimming. The 
change of flux shape and spectrum under irra- 
diation, coupled with the fact that these changes 
also depend on the means of control adopted, 
become important. However, appreciable reac- 
tivity is also manageable by zoned or other 
forms of graded fuel loading, and some re- 
location of fuel elements at reloading times is 
possible. 

At very high specific power, refueling time 
becomes a major economic factor; unless on- 
line fueling is adopted, fuel lifetime is limited 
by the excess reactivity loaded and the method 
of controlling this reactivity. One or two, or 
at most three, running periods exist between 
load and discharge of an element, and only 
very limited fuel management can be employed. 
The physics of control and of isotope—and 
flux— change as a function of position becomes 
the overriding problem. 


A survey of papers presented at the Geneva 
Conference provides the opportunity of reviewing 
this important field. Future issues of this 
journal may then report further progress, 
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Prediction and Measurement 


Four major papers were presented on this 
subject—one each from the United States, ~ 
United Kingdom, Canada, and France. 

Light-water reactor physics was emphasized 
in a bibliographic review of the status of U. 8S. 
technology.*” Light-water power reactors tend 
to have rather high specific powers and long 
refueling times. Therefore the emphasis is on 
calculation of reactor changes over long irra- 
diation, with fuel-management studies being less 
developed. References are given to the deple- 
tion and flux-evolution codes that have been 
used and are recommended. Because the de- 
tailed evaluation of athree-dimensional reactor, 
with control system, as a function of time is 
an expensive process even with modern com- 
puting machinery, there has been a recent trend 
toward reactivation of few-group diffusion theory 
and few-region flux synthesis, with very good 
results reported. These methods are all cited 
in the paper’s bibliography. The authors con- 
clude that calculational methods are, by and 
large, adequate and that the next improvement 
in predictive capability will come from isotopic 
analysis of irradiated fuel and its correlation 
with improved basic cross-section data, 


Gas-cooled-veactor fuel management was 
studied in the United Kingdom.* Because these 
reactors are capable of virtually continuous 
refueling, the details of flux-shape evolution 
are unimportant, and the scheduling of regional 
fuel relocation is the major problem. No recom- 
mendations are made; the antagonistic aims of 
uniform power (maximum equilibrium reactivity 
on the reactor fringes) and maximum fuel 
residence time (maximum reactivity at the 
center) must be evaluated in detail for any set 
of reactor economic criteria. 


Experimental burnup physics studies were 
described in a status report on the French 
program. *® The report is of value, first, asa 
bibliography of pertinent French work (mostly 
CEA reports), and, second, as a good example 
of the sort of coordinated experimental program 
required to understand integral properties of 
irradiated fuels. To calibrate single-sample 
measurements on irradiated samples, the pro- 
gram features measurement of clean pluto- 
nium—uranium fuels as regional lattices in 
substitution experiments. The fuel enrichments 
are low, as would be employed in heavy-water 
reactors. 
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The D,O reactors, particularly CANDU, ben- 
efit from comparisons of theoretical and ex- 
perimental isotope—and reactivity —changes 
in D,O reactors. The Canadian program, which 
is possibly the most integrated one of theory 
and measurement for a single reactor type, 
was described in detail.*® The computational 
model used is the standard two-group four- 
factor formula with, however, each term ra- 
tionalized for both logical correctness and 
experimental verifiability. As irradiation pro- 
ceeds, effective cross sections and resonance 
integrals are varied to account for changes 
in neutron spectrum and isotopic concentra- 
tions. Fission-product cross sections have been 
measured and reported. The effect of radial 
nonuniformity of burnup in a rod has been 
investigated and found to be small owing to 
canceling effects of plutonium and fission 
products. The conclusion is that reactivity 
change in a D,O reactor can be predicted 
closely —0.1% or so in reactivity, correspond- 
ing to 410% of a 10,000 Mwd/metric ton life- 
time. 


Operating Experience 


The measurement and prediction of reactivity 
changes in British gas-cooled reactors were 
described in some detail.*! By frequent rod 
recalibration, both reactivity change and tem- 
perature coefficient of reactivity have been 
followed up to several hundred megawatt-days 
per metric ton. Reasonably good theoretical 
fit is obtained with a two-group reactor model, 
in which the neutron temperature is obtained 
by a thermal-spectrum calculation and self- 
shielding of plutonium resonances is computed 
in detail as a function of local plutonium con- 
centration. 

Reactivity experiments after irradiation of 
natural uranium, ae and *%3y in the Materials 
Testing Reactor (MTR) were reported.” Al- 
though the irradiation spectrum in the MTR is 
not very characteristic of a power-reactor 
history, the results of the natural-uranium ir- 
radiations provide a valuable checkpoint for 
theoretical methods since they extend to 15,000 
Mwd/metric ton. This work has been reported 
previously.“ The experiments agree well witha 
standard depletion code. The *U and **U ex- 
periments serve as measures of the effective 
cross section of stable and long-life fission 
products (after the xenon transients, which they 
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also measured, had decayed). An effective 1/v 
cross section of approximately 50 barns (for 
each fission caused by 2200 m/sec neutrons, 
not per fission product), in good agreement with 
theory, is found for several irradiations. A 
resonance integral between approximately 170 
and 210 barns per fission is also reported, 
which is about 10% lower than theoretically 
estimated. 

Burnup experience with the Novo-Voronezh 
reactor (WWER) was described without going 
into details of fuel or control management or of 
evaluation methods.“ An initial fuel enrichment 
of 2% permits operation to a discharge burnup 
of 12,000 Mwd/metric ton. 


Calculations 


A method for calculating global flux changes 
during irradiation was reported without presen- 
tation.” The method uses two-group theory and 
a Simplified method for solving the Helmholtz 
equations in a few-region system, 


Local reactivity as calculated by standard 
depletion codes fits remarkably well to a 
quadratic in flux time.” With this simplifying 
assumption, analytic expressions for reactivity 
lifetime can be obtained for a variety of fuel- 
management schemes. Amusingly, this paper 
cites no Western references, even though the 
work is similar in spirit to Canadian and U. S. 
work reported at the 1955 Geneva Conference. 


The use of soluble and burnable poison in 
water reactors was evaluated.*’ No reactivity 
experience is listed in the paper, which is to be 
considered rather as a bibliographic source. 
Soluble- and burnable-poison control-physics 
calculations are key problems in reactivity cal- 
culations for high-specific-power reactors be- 
cause the errors in predicting control margin 
are comparable to the normal errors in reac- 
tivity-change prediction. 


Improvements 
in Resonance-Integral 
Theory 


By Paul F. Gast 


During the slowing-down process, neutrons 
may be captured by the reactor materials 
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through the action of resonances. Because such 
captures in 7Y or thorium make important 
contributions to fissionable-material produc- 
tion, they have been studied extensively. Thus 
neutron-capture rates in 7U and thorium can 
be computed satisfactorily for simple fuel 
shapes by semiempirical methods. However, 
captures in other materials or in more com- 
plicated fuel shapes require theoretical treat- 
ment, at least in the exploratory conceptual 
design stages. Work on _ resonance-integral 
theory began in the University of Chicago Metal- 
lurgical Laboratory days. Some recent develop- 
ments are reported here. 

It is now possible to calculate resonance 
integrals for isolated resonances to an accuracy 
limited only by a knowledge of the resonance 
parameters and by the time and effort ap- 
propriate for the case in hand. Monte Carlo 
methods have been available for some time, 
recently, numerical analytical techniques have 
been applied to these problems, 

The collision densities and fluxes for homo- 
geneous mixtures of uranium and carbon have 
been obtained for the 6.7-, 21.0-, and 36.8-ev 
resonances of 7U by numerical solution of the 
integral equation.“® A well-moderated case and 
one with very little moderation were considered. 
Although the results are unlikely to find direct 
application in reactor design, the paper has 
considerable didactic value because the six 
cases considered nicely illustrate most of the 
features of resonance absorption that are neg- 
lected in the usual approximations. 

A similar solution for a uranium cylinder 
in a graphite lattice has been worked out for 
the 6.7-ev resonance only.*? Details of the 
method have not been published, but isotropic 
scattering was assumed, and a polynomial ap- 
proximation of the transport kernel was used. 


In reactor design work such calculations are 
not usually feasible, so most theoretical at- 
tention has been directed toward less laborious 
methods that give accuracies appropriate for 
reactor work. The intermediate-resonance 
method’ has been extended to the heterogeneous 
case”! by the use of equivalence principles. A 
physical interpretation of the method™” permits 
easy computation of the “width parameter” and 
extension to Doppler-broadened cases. 


Equivalence principles rest on two approxi- 
mations: (1) the assumption of a flat source in 
computing the escape probabilities from the 
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absorber and (2) the use of a rational approxi- 
mation to represent the resulting probabilities. 
The errors arising from the flat-source as- 
sumption have been examined. °*”*® The basic 
approach is the same in both papers, but the 
method of Ref. 53 has the advantage of not 
being limited to thin slabs. Table II-1 shows 


Table II-1 PERCENT ERRORS FROM FLAT-SOURCE 








APPROXIMATIONS 
Slab Neutron width/resonance width, IT, /T 
thickness 0.2 0.4 0.6 0.8 
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the results obtained by numerical integrations, 
which depend on the amount of resonance 
scattering and the slab thickness (in potential 
scattering mean free paths), Presumably, simi- 
lar values would apply for other simple convex 
shapes with the same surface-to-volume ratio; 
appreciable errors occur when the resonance is 
a strongly scattering one. 

Improvements in the rational approximation 
are the subject of continuing investigation, and 
three recent efforts were described in the 
Summer 1965 issue of Power Reactor Tech- 
nology.’ An additional formulation has been 
reported,” and its extension to nonblack tubular 
absorbers has been developed. 
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Reactor Control 
Experience 


By Joseph M. Harrer 


Control-system designers sometimes introduce 
plant features that, although good in principle 
or in laboratory tests, do not always work out 
according to plan when the plant is operated. 
Thus the experience with control equipment and 
the failure analyses that were aired at the Con- 
ference on Reactor Operating Experience (spon- 
sored by the Reactor Operations Division of the 
American Nuclear Society) are significant for 
designers. One attendee’s summary and inter- 
pretations are given here. 


Reactor Accident Frequency 


The general opinion exists that reactor ac- 
cidents are unusual occurrences. Over a period 
of a little more than 20 years, all types of re- 
actors and critical experiments have amassed 
a total of more than 1000 years of operating 
history. Despite the fact that many of these 
devices were of new or experimental configu- 
rations, no member of the general public has 
ever been overly exposed to radiation or suf- 
fered inconvenience from a reactor accident.' 
But during these 20 years there have been about 
20 accidents or incidents that resulted in 
prompt criticality, crew fatalities, or massive 
damage to the plant. At least half of these ac- 
cidents would not have occurred if the reactor 
safety systems had operated correctly. 


Components Have Been Reliable. In an effort 
to prevent reactor excursions, reactors still 
are being built with equipment that automati- 
cally checks safety-system performance as 
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frequently as once per second. The object of 
these tests is to detect safety-component fail- 
ure before any reactor excursion occurs. But 
the actual record of one uncontrolled excursion 
per million operating hours shows that not one 
of them resulted from failure of a safety- 
system component. 


The System Must Be Able. Some excursions 
occurred when the safety system lacked proper 
input information; several failures resulted 
from slow response by the safety system. In at 
least two cases, the safety system was para- 
lyzed by the accident; in another case the ac- 
cident was intensified by safety action—and in 
still another case the accident was caused by 
an attempt to scram the reactor. Thus, rather 
than being related to component failure or lack 
of reliability, these performance failures oc- 
curred because the safety systems were in- 
herently unable to protect the reactors, Clearly, 
although it is impossible to anticipate or simu- 
late the exact conditions under which the safety 
system must perform, much more must be done 
to make tests uncover more than just component 
failure. In this way designs and operating pro- 
cedures can be corrected so as to prevent un- 
controlled excursions, 

Although the statistical experience of one 
uncontrolled excursion per million hours was 
acquired with all sorts of reactors and critical 
experiments — and thus is not really applicable 
to the situation in which we are operating 
proved and stably operated reactors—its im- 
portance can be appreciated from the facts that 
(1) most reactors today have higher powers 
and greater fission-product inventories and (2) 
direct extrapolation of these statistics would 
indicate (improperly, however) that, over a 
25-year life, one out of four reactors would 
suffer an uncontrolled excursion that results in 
massive damage. 
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Perhaps a significant question is, “Have we 
been learning enough from experience?” Simple 
component testing is not the answer. Operators 
and designers must devolve tests and correc- 
tions that will prevent accidents more effec- 
tively. 


Rod Problems 


The primary safety device has always been 
control rods. Thus tests that detect impending 
trouble in control rods are important for pre- 
venting accidents. But how dependable is a test 
that simply assures the time for scram is less 
than a predetermined value? Not very depend- 
able, according to experience with the UMRR 
(University of Missouri at Rolla, Reactor), a 
10-kw swimming-pool reactor,’? and with the 
61-Mw Heavy Water Components Test Reactor 
(HWCTR) at Savannah River Laboratory.° 


UMRR Rod Swelling. Each of the original 
shim-safety rods consisted of a type 304 stain- 
less-steel shell lined with 30 mils of cadmium 
and filled with B,C powder. Because such rods 
elsewhere have a history of failure, the UMRR 
rods were checked closely by measuring rod- 
drop times at six-month intervals. These tests 
were expected to yield information on the con- 
dition of the rods, particularly about swelling, 
as well as simultaneously checking the scram 
circuit. 

But during one routine startup, control-panel 
instruments indicated that a control rod would 
not withdraw beyond 17 in. Inspection showed 
that the rod was hung ata partially withdrawn 
position. After the reactor was shut down, rod- 
drop times were measured and found to be nor- 
mal for withdrawals of up to 16 in. After the 
core was dismantled and the suspect control 
rod was removed, measurement witha microm- 
eter showed an 8.6% increase in rod thickness, 
which was enough to cause the rod to bind in 
its channel. Although similar measurements 
showed that the other two shim-safety rods had 
swelled 3.2 and 3.0%, rod-drop times gave no 
indication of this Swelling. 

A possible failure mechanism is that a shell 
leak allows water to accumulate in the rod, 
radiation decomposes the water, the gas pres- 
sure seals the hole by forcing damp B,C powder 
into it, and subsequent water decomposition 
raises the pressure, which swells the shell. 

The original rods in the UMRR have nowbeen 
replaced by solid rods consisting of 18-18 





Vol. 8, No. 4 


stainless steel alloyed with 1.5% boron. As 
expected, these new rods have a measured 
worth 80% that of the original B,C rods. This 
is more than adequate for the excess reactivity 
used in the UMRR. And, because of the greater 
reliability of the new rods, safer operation 
results. 

The UMRR reactor staff concludes that, al- 
though rod-drop-time tests provide a good 
monitor on the total scram circuitry, they are 
not adequate for monitoring control-rod con- 
dition; for this, periodic direct inspection and 
measurement of rod dimensions are necessary. 


HWCTR Rod-Guide-Tube Ruptures. The time 
measured in rod-drop tests is often judged as 
satisfactory if it is less than some standard 
value for a particular rod system. But ex- 
perience at the HWCTR shows that a simple 
go—no-go test does not guarantee that failure 
is not in progress.® Safety-rod drop times were 
measured at HWCTR before each startup, ana- 
lyzed for unusual results, and compared with 
previous results to indicate trends. When rod- 
drop time decreased, loss of snubbing action 
was the cause; the problem was traced to rup- 
ture of the Zircaloy-2 guide tubes for four of 
the six safety-rod assemblies. The rods had 
been in service for nearly three years. 

The failures consisted of longitudinal splits 
starting at a transition in size of the guide tube. 
These tubes are 11.3 ft long, but the inside 
diameter of the bottom 3.4 ft is 1.310 in. 
(rather than 1.375 in. as in the upper section) 
to provide a '/,-in.-high transition piece for 
hydraulic snubbing action when the control rod 
drops. The splits were attributed to a com- 
bination of high residual stress in the necked- 
down area and cumulative tensile-stress pulses 
when the rods were snubbed. 

The existence of residual stresses might 
have been expected. The upper and lower sec- 
tions were of the same thickness, and the de- 
Sign called for absorbing the snubbing forces 
in tension in the lower section. This in itself 
leads to the second observation, that tension 
pulses contributed to the failure. It is well 
known that considerable tensile stress will 
develop under those conditions. The vertical 
tensile stress could have been eliminated by a 
bottom support for the guide tube, but the hoop 
stress that initiated the failures would remain. 
The correction involved lengthening the transi- 
tion section from '/, to 1 in. and changing the 
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specifications to assure less residual stress 
and higher ductility. 

Further study of the tubes showed that D, 
content of the Zircaloy was 100 to 300 ppm, 
which is considered high; generally, the D, con- 
tent at the transition piece was at the higher 
value. Other Zircaloy tubes that had endured 
the same reactor environment— but which were 
of low nickel content— did not display this high 
D, pickup and remained much more ductile when 
tested by completely collapsing the tubes. They 
did not crack even when fully collapsed. On the 
basis of these tests, an overall conclusion is 
that either Zircaloy-4 or low nickel Zircaloy-2 
would be much better for use under the HWCTR 
conditions, which are 200 to 250°C, pD of 10 to 
11 (at 25°C), chlorides less than 0.1 ppm, O, 
less than 0.1 cm? per kilogram of DO (0.14 
ppm). 


Gravity-Independent Rods 


Gravity rod-insertion systems are as old as 
reactors themselves. But what if you do not 
have gravity acting in the proper direction at 
all times? A gravity-independent system with 
springs provided one answer.’ The need arose 
because the Aerospace Shield Test Reactor 
(ASTR) had to be rotatable in two planes and 
positionable vertically for various shielding 
experiments. Thus, rather than heavy rods (on 
which gravity usually has a beneficial effect), 
a lighter rod had to be found for this reactor. 
Optimum performance was obtained by select- 
ing a minimum thickness of silver—indium— 
cadmium by means ofcritical-experiment tests; 
in these tests a 0.200-in.-thick absorber was 
first tried in the critical assembly; then the 
silver—indium—cadmium was machined to 0.18, 
0.15, 0.12, and finally to 0.100 in., at which 
thickness a sharp drop in effectiveness was ob- 
served. With the 0.125-in. thickness selected, 
each 24-in.-long rod weighs only 13 lb. Spring 
forces vary between 30 and 80 lb, with the 
higher force when the rod is fully withdrawn. 
Thus maximum and minimum forces are 6 and 
2 yg. Even if the reactor and rod are completely 
inverted so that gravity acts against the rod 
springs, the basic 1 g is always present to hold 
the rods in the shutdown position. 


Springs Vs. Pneumatics. Gravity-independent 
rods are widely used on critical experiments, 
especially for fast reactors—where the as- 
sembly and the rods are operated horizontally 
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(to make it easy to assemble fuel in trays), but 
in air rather than in water as is the ASTR, 
Many designers feel that air cylinders provide 
an adequate and neat stored-energy package 
and prefer them to springs. Assemblies of 
springs usually are much more bulky, andsome 
mechanical designers do not consider them 
more reliable than a well-designed pneumatic 
system, But the big objection to pneumatic sys- 
tems is that an oil explosion could suddenly 
wreck the entire system and rapidly remove 
the stored energy force. Although oil explosions 
in air storage systems can be prevented by 
using pumps that do not need an oil lubricant, 
self-lubricating pistons (for example, graphite 
rings) would also be needed in the scram cylin- 
ders. The pistons could be lubricated with high- 
flash-point oil, but this would not be an ideal 
solution. 

The use of springs or pneumatic systems for 
stored energy in gravity-independent systems 
remains an open question. Designers and users 
are well-advised to keep abreast of pertinent 
experience and observe any failures realisti- 
cally. It may well be that springs could be far 
superior when one considers the long-term 
maintenance problem and the fact that cata- 
strophic failure of a spring is not likely if in- 
spection is adequate. 


Control of Critical Assemblies 
by Moderator Level 


Usually the dumping of moderator from a 
critical assembly is considered a backup for 
control rods. But experience with moderator 
control at the Westinghouse Reactor Evaluation 
Center shows that variation of moderator level 
can be a useful primary control method.° The 
important principle is to vary the moderator 
level so that at the operating point the A.¢; is 
approximately unity due to the upper reflector. 
Then the upper portion of the reflector is of 
decisive importance; lowering it will produce 
negative reactivity immediately even with the 
rods partially controlling the reactivity. 

Use of the moderator as the basic control 
device is desirable when the cores being 
studied have nonhomogeneous fuel enrichments, 
dimensions, and cladding. Criticality is 
achieved first by movement of control rods 
and then by the exchange of reactivity in con- 
trol rods and moderator until the rods are 
fully withdrawn. 
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Advantages. The achievement of uniform lat- 
tices requires complicated design and fabrica- 
tion efforts if rods are used at all. Fueled 
followers (for control-rod slots) tend to pro- 
duce core uniformity. But if any fuel protrudes 
into the lower reflector, nonuniformity is in- 
troduced. The coupling of control material to 
fuel represents a potential source of weakness 
in the rod structure, and, because a hazard is 
created, the absorber follower section could 
fall through the core. This type of problem 
calls for a meticulous design effort to assure 
safety. For a reduction in this time-consuming 
and costly work, and at the same time for an 
increase in the inherent safety, it is much 
better to rely on moderator-level control com- 
pletely. 

The most probable and most severe accidents 
considered in hazard analyses for critical fa- 
cilities and reactors are presumed to come 
from rapid (step) movement of control mate- 
rial. Thus, in terms of positive insertion of 
reactivity, operation by moderator control is 
a Significant step in the direction of safer 
operations because it eliminates a possible 
accident-creating component. 

The ramp rate one obtains from moderator 
control is a single continuous variable, where- 
as the ramp rates of control rods vary with 
radial location; thus, for a given core, the 
operator does not have to be concerned with 
there being different ramps available at his 
fingertips. There is only one method of adding 
reactivity, and any mechanical failure in the 
moderator-fill system (leak, pipe failure, etc.) 
results in moderator loss and reactivity loss. 

It has been argued that, with a high modera- 
tor level, the moderator reactivity differential 
effectiveness is low and then one has no rapid 
means of inserting negative reactivity. How- 
ever, this argument tends to be countered by 
the fact that under such circumstances fast in- 
sertion of positive reactivity is not even pos- 
sible. 


The whole problem as discussed in Ref. 5 
gives one side of one of the oldest arguments 
in critical-facility operation. Should one raise 
water with rods withdrawn ready to stop an 
uncontrolled reaction, or, knowing that the rods 
will prevent an uncontrolled reaction, should 
one leave the rods in place until the water 
moderator is fully in? 

The usual method is a compromise. One or 
two rods are removed, then the water is raised, 
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and later the other rods are raised to achieve 
a critical assembly. If moderator level alone is 
used, it is argued that first all rods should be 
raised and then the raising of the moderator 
should begin. However, in many assemblies this 
cannot be done without violating interlocks. 

A strong case can be made for moderator- 
only control, but it is very difficult to prove 
that by itself it assures safety. If rods are 
present or even possible, it seems safer to use 
them in some way to limit the bulk moderator 
effect and then later achieve a uniform core by 
changing moderator level and exchanging mod- 
erator reactivity for rod reactivity as they are 
drawn out of the core. 


Subcriticality Measurement 


All reactor operators want a simple and sure 
way of measuring subcriticality during shut- 
down. Although this is one of the most difficult 
measurements to make in a power reactor, it 
can be done relatively well in “clean” critical 
assemblies and in low-power multiplication ex- 
periments. As always, the key factor is instru- 
mentation—but, in theory, the measurement 
is always possible. 

The measurement consists in comparing the 
neutron statistical variation at two or more 
frequencies. As the ratio of the low-to-high 
frequency amplitude increases, criticality is 
approached. But in a power reactor, the high 
gamma background makes this measurement 
difficult if not impossible. As a step toward 
circumvention of this problem, an experiment 
was performed in which a conventional 12 count/ 
(sec)(nv) BF,-filled detector was connected to a 
20-Mc wide-band video amplifier by a 75-ohm- 
impedance transmission line.® A pulse width of 
about 100 yusec was observed. Although neutron 
counting rates were higher, even with the wide- 
band electronics there was no significant im- 
provement in gamma tolerance. This led to use 
of a lower-multiplication gas tube. 


A boron-lined detector about 9 in. long by 
in. in diameter was selected. For greater 
sensitivity and efficiency, four prototype tubes 
were operated in parallel. One tube had a 
boron-coating thickness of 1 mg/cm? and was 
filled with argon—isobutane at a pressure of 
250 mm Hg; the other three tubes were filled 
with argon—carbon dioxide to the same pres- 
sure, but their coating thicknesses were 0.8, 1, 
and 1.2 mg/cm’. The detectors were checked 
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with a neutron source, and spent fuel elements 
served as a gamma source. The typical count- 
rate response for various pulse-height settings 
Shown in Fig. II-1 indicates only slight de- 
sensitization of the detector in a gamma field 
of 19,000 r/hr. Thus the author concludes that 
extension of the wide-band techniques with 
miniature boron-lined detectors will permit 
measurement of the reactivity of shutdown 
power reactors by noise-analysis techniques. 
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Fig. II-1 Count-rate response at various pulse- 
height settings for four miniature prototype boron- 
coated detectors operating in parallel shows'that 
19,000 r/hy gamma field desensitizes detector only 
slightly .® 


Liquid-Poison Injection 


Even with good instrumentation, fast safety 
circuits, and control rods to prevent and stop 
any uncontrolled excursion, reactor designers 
have always tried to install a backup system 
that could be used if the rods failed to control 
the reactor. A survey of the methods of backup 
protection used on reactors is given in Nuclear 
Safety, 7(1): 45-52. This backup often is in the 
form of a neutron-absorbing liquid poison, such 
as boric acid, that could be forced into the re- 
actor coolant or moderator. But the design of 
such a system calls for a special approach. 
How fast should it operate? Should it be auto- 
matic or under procedural control? Is stored 
high-pressure gas a good force to inject poison 
into a pressurized reactor system? Experience 
with liquid-poison injection systems at Savannah 
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River Laboratory can help answer such ques- 
tions. 


In the HWCTR? protection comes from in- 
jecting poison (K,B,O,—4H,O) into the coolant 
(D,0) stream. The operator would actuate this 
system if the neutron flux fails to decrease 
after a scram signal. The solution has the same 
reactivity worth as the control rods, a mini- 
mum of 24% Ak/k. If uniformly distributed in 
the full 7000 gal of D,O in the primary system, 
the poison would keep the reactor subcritical 
under all conditions. 

The system was tested at least once a year 
during an outage by replacing the poison solu- 
tion with D,O and timing an injection; poison 
injection was never actually required during 
reactor operation. 

As the system was originally designed and 
built, poison solution was delivered rapidly 
from a storage tank pressurized by helium 
from an external source. It was planned to 
adjust the helium pressure for the proper in- 
jection time, depending on whether the reactor 
was pressurized or unpressurized, and to de- 
termine the proper helium pressures experi- 
mentally during prestartup tests. These tests 
showed that this arrangement would not deliver 
the poison properly under certain combinations 
of reactor pressure and flow. On several oc- 
casions with the reactor unpressurized and 
when some D,O was blown out of the tank, the 
main D,O circulating pumps became gasbound 
by large volumes of helium. 

These problems were avoided by the following 
changes: the pressure between the reactor gas 
space and the storage tank was equalized by 
connecting the reactor gas space to the poison 
storage tank, which was elevated about 50 ft 
above the reactor so that gravity would provide 
the driving force; an orifice was installed in 
the injection line to control the injection time. 
After these changes the remaining variable that 
affected the injection time was the coolant flow 
through the reactor. About half the system 
pressure drop is across the core—and thus 
between the reactor gas space and the modera- 
tor space where the poison is injected. There- 
fore the coolant flow in the reactor directly 
affects the driving force for injection. 

Injection time must be quite a bit longer than 
the recirculation time of coolant to assure that 
enough poison is always in the reactor core. If 
too-rapid injection were allowed, each coolant- 
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flow cycle could sweep the poison completely 
out of the core and result in a power excursion. 
Table III-1 shows the amount of poison injected 
and compares its injection time to the D,O 
circulation time for full flow and shutdown flow. 
This method was proved by test, and there was 
no gas binding in the pumps. 


Table III-1 HWCTR POISON-INJECTION CHARAC- 








TERISTICS 
D,O D,O 
full flow shutdown flow 
D,O circulation time, min 0.6 2.0 
Poison total injection time, 
min 3.6 3.9 
Total poison injected, gal 73 60 





Actual injection of another neutron-absorber 
liquid was tested in a production reactor at 
Savannah River Laboratory.’ This system in- 
jects Gd(NO;);—D,0 solution directly into the 
D,O moderator. 

Important mechanical features of the system 
are that: (1) it operates on self-contained pneu- 
matic power that is independent of other pneu- 
matic or electrical networks, (2) injection is 
not automatic, but rather is initiated from the 
reactor control room in accordance with spec- 
ified procedures, and (3) injection of Gd(NOs)5 
starts not less than 5 sec after initiation of the 
signal but then is completed within 3 sec after 
injection is begun. 

In a special test in a production reactor 
operating at power, reactor power began to de- 
crease 3.5 sec after the system was actuated 
and had decreased to 50% after 6.5 sec. Reac- 
tor response to the poison injection is shown in 
Fig. IlI-2. (The poison was subsequently re- 
moved from the moderator by ion exchange.) 


Computer Applications 


The work of compiling a large amount of data 
accurately, quickly, and selectively is obviously 
the job for a computer. At Savannah River, the 
application of modern computer technology is 
helping ease operational problems. 


An on-line digital computer® at the K produc- 
tion reactor there improves reactor safety and 
operating efficiency by providing more thorough 
surveillance and by compiling accurate oper- 
ating information much faster than could be 
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Fig. IlIl-2 Rapid shutdown occurred when neutron- 
absorbent liquid was injected into reactor moderator.” 


obtained otherwise. Signals from about 3200 
thermocouples, flow and pressure meters, flux 
monitors, and other sensors provide informa- 
tion from all regions of the reactor. 

Two types of data scans are provided: (1) a 
sequential scan of 2400 temperatures and flows 
in the 600 reactor-lattice positions, and (2) a 
random-access scan for nuclear instruments, 
in-core flux sensors, and miscellaneous sen- 
sors in the D,O primary and H,O secondary 
(river water) coolant systems. 

Surveillance of reactor operating limits is 
an important function of the computer. Several 
types of fuel elements can be used in one reac- 
tor charge, and each may have distinct hydrau- 
lic characteristics and operating limits. Alarm 
programs compare reactor data with the ap- 
propriate limits for coolant flow, temperature, 
temperature rise, and bulk moderator (D,O) 
temperature. An alarm is typed in red if an 
operating limit is exceeded. A periodic print- 
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out of the margin from the nearest limits is 
used by reactor operators to adjust reactor 
power level. Complicated limits, such as prox- 
imity to burnout heat flux, are calculated on 
demand with axial flux data from in-core sen- 
sors and fuel-coolant temperature data stored 
by the computer. 


An analog system’ was used to compute the 
safety margin from burnout in a special high- 
flux core [>4.3 x 10 neutrons/(cm’) (sec) ] in 
one of the D,O-cooled and -moderated produc- 
tion reactors at the Savannah River Plant. The 
power density of greater than 130 kw per gram 
of 7°5y was controlled with the aid of a direct- 
reading analog-computer circuit that displayed 
the safety factor against burnout of the fuel 
surface within an accuracy of 5%. The circuit 
compares the operating heat flux [~ 2.5 x 10° 
Btu/(hr)(sq ft)] to the heat flux at burnout as 
defined by the correlation 


HF, = 463,000(1 + 0.04V)[1 + 0.0167(7,—7,)| 


where HF, = heat flux at burnout in British 

thermal units per hour per square 
foot 

V = coolant velocity in feet per second 

T, = coolant saturation temperature in 
degrees Fahrenheit 

T, = coolant bulk temperature in de- 
grees Fahrenheit 


For the burnout safety factor, the computer 
circuit solves the simplified equation 


5 x-1 
(Cr-Cax) 20; C329; 
(BOSF), = -— 





b,AT =o 
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where ®, = relative power intensity measured 
by gamma-flux monitors at five 
vertical locations (x) equally spaced 
along the fuel surface 
@;= 0 for convenience of notation 
C, to Cs; = constants for fuel design, pressure, 
and velocity 
AT = coolant temperature rise 


For more information on control experience 
discussed at the same ANS mecting, see the 
article that begins on page 271. 
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Highlights of the 8th 
National Heat Transfer 
Conference 


By David Miller 


Many papers of fundamental and applied interest 
for reactor technology were presented and dis- 
cussed at the 8th National Heat Transfer Con- 
ference, Los Angeles, Aug. 9—11, 1965, which 
was jointly sponsored by the American Institute 
of Chemical Engineers and the American So- 
ciety of Mechanical Engineers. Although many 
of the studies were sponsored by the U. S. 
Atomic Energy Commission (AEC) and have 
been published in project reports, most were 
being reported for the first time. 

Topics discussed ranged from applications 
such as heat exchangers, packed beds, desalin- 
ization, and loss-of-coolant accidents in reac- 
tors to more fundamental studies of boiling and 
condensation, two-phase flow and pressure drop, 
and radiation and thermophysical properties. 


Boiling and Two-Phase Flow 


Boiling, two-phase flow, and stability re- 
ceived a major share of attention. In particular, 
studies of critical heat flux are of interest to 
reactor designers. !~® 

Pertinent to the design of a greater than 
600-psia forced-convection water-reactor sys- 
tem is a study in which the coolant entered 
cylindrical test sections of 0.1- and 0.2-in. 
inside diameters as a subcooled liquid and dur- 
ing certain tests left as superheated steam.’ 
Emphasis was placed on the region with wall 
temperature higher than that corresponding to 
the critical heat flux where the surface tem- 
perature oscillations were not large; this re- 
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gion is often called the transition or partial 
film-boiling region. Experiments covered the 
pressure range 2420 to 3120 psia, mass flows 
of 0.5 to 2.5 x 10° Ib/(hr)(sq ft), heat fluxes of 
0.1 to 0.65 x 10° Btu/(hr) (sq ft), and exit quali- 
ties of 7 to 100%. These data were combined 
with other data’ that extended down to 580 psi 
to obtain the equation 


ea er See) er 
k |; fy k Py Pr, 

for flows of greater than or equal to 0.8 x 10° 
lb/(hr)(sq ft) over the range 580 to 3190 psia 
for steam qualities as high as 100%. This cor- 
relation has a 20 probability limit of +19%. 
Density was calculated with a void-fraction- 
weighted sum of the gas and liquid densities; a 
homogeneous model was used to calculate the 
void fraction. This study showed that the two- 
phase entrance length and the length-to-diame- 
ter ratio have an important effect on heat trans- 
fer. Thermodynamic nonequilibrium found at 
low flows [0.5 x 10° lb/(hr)(sq ft)]| was attrib- 
uted to unevaporated water droplets passing 
through the test section; low-flow-rate data 
were not included in the correlation. The maxi- 
mum heat-transfer coefficient after the critical 
heat flux occurred near or at 100% quality. 





For a fog-cooled reactor concept, the “dry- 
out” heat flux (a term used to describe the 
critical or burnout heat flux at high steam 
qualities) was measured at mass velocities of 
0.5 to 1.4 x 10° lb/(hr) (sq ft) and outlet qualities 
in the 38 to 78% range.® For two-phase inlet 
conditions, dry-out behavior of geometries sim- 
ulating reactor fuels was investigated with: 
(1) angular misalignment of 0 to 60° between 
an unheated bundle upstream of the 19.25-in.- 
long heated bundle, (2) two bundle end geome- 
tries (CANDU-reactor type and flat-end), and 
(3) bundle-mounted stripping rings intended to 
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remove the parasitic water film from the un- 
heated flow tube and redistribute it to the 
heated rods. All experiments were for a 19-rod 
bundle cooled by steam—water fog at 515 psia. 
Angular misalignment reduced the dry-out heat 
flux on some surfaces (usually inner elements) 
by as much as 20% but increased it on others 
(usually outer elements) by up to 70%. Stripping 
rings raised the dry-out heat flux by upto 100%. 


The effects of upstream compressibility on 
subcooled critical heat flux were investigated.‘ 
Moderate upstream volumes of subcooled water 
were shown to have sufficient compressibility 
to promote oscillatory behavior, which greatly 
reduces the subcooled critical heat flux for a 
Single channel. This oscillatory instability can 
be avoided only by operation to the right of the 
minimum in the overall pressure drop—flow 
curve characteristic of the heated section. 
Usually a flow restriction at the inlet of the 
heated section is needed to alter the over- 
all characteristic so that stable critical heat 
fluxes can be obtained. 

Although inlet-fitting losses make some sys- 
tems inherently stable, it usually is necessary 
to provide another restriction at the heated- 
section inlet. The necessary throttling at the 
inlet can be estimated readily from 


8(AP) 
ow cin 

[where (A P);; is the pressure drop across the 

test section in pounds per square inch] if the 

heated-section hydraulic characteristics are 

known. 


The influence of axially nonuniform heat 
fluxes on the departure from nucleate boiling 
(DNB) was studied.’ Heat-flux distributions 
studied are shown in Fig. IV-1. For a limited 
range of parameters, the results are given in 
the form of a correction factor 
F pene Sone — C a 

IDNB,local * 1 — €xP (—CLpnp) 


L 47 ‘ 
x f DNB q’’(z) exp [—C(Lpns —2)az} 
0 





Here C is a coefficient defined as h/pusc,. Be- 
cause the components of C are not known well 
enough to permit analytical evaluation, C was 
correlated by the equation 


c= GH t- 245)°°/00" oy" a * 
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Fig. IV-1 Four shapes of heat-flux distributions 
were considered in studying how axially nonuniform 
heat fluxes influence the departure from nucleate 
boiling.’ : 


Pool-boiling critical heat flux was studied by 
various investigators.'->-® 8 Saturated pool boil- 
ing on horizontal wire heaters of 0.0025 to 
0.254-in. radii was measured! over a reduced- 
pressure (pressure divided by critical pres- 
sure) range of 0.0010 to 0.0197. The peak and 
minimum boiling heat fluxes were correlated 
with pressure and heater configuration (hori- 
zontal and vertical wires and flat horizontal 
plates) for five fluids: methanol, isopropanol, 
acetone, benzene, and water. All data can be 
represented by a single three-dimensional sur- 
face that is the product of a function of geo- 
metrical scale and a function of pressure. The 
function of pressure appears to be the same in 
any configuration. The effect of radius on 
critical heat flux for small wires at low pres- 
sures is significant and complex. 

Experimental and analytical investigations 
of critical heat flux in pool boiling show that 
the addition of small amounts of calcium sul- 
fate to distilled and deionized water allows 
increased boiling heat fluxes from stainless- 
steel heaters.> For a ‘/,-in. cylindrical stain- 
less-steel heater coated with calcium sulfate, 
the critical heat flux was increased by 35%. 
Pool-boiling tests in water, with a porous 
graphite heater having air flow through its wall, 
decreased critical heat flux by 37% over the 
same heater with no air flow. If it is assumed 
that departure from nucleate to film boiling 
occurs when the heater surface becomes non- 
wetting at a temperature equal to the maximum 
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possible superheat for the liquid, it is possible 
to postulate a critical-heat-flux equation for the 
special case of a small-diameter heater. Sig- 
nificant variation in the critical heat flux with 
heater properties is predicted by this equation, 
which contains several coefficients that must 
be determined experimentally. 

When the effects of thermal conduction on 
the critical heat flux and pool boiling were 
measured,’ the critical heat flux of propanol 
that was boiling at atmospheric pressure on 
heater strips mounted horizontally in a satu- 
rated pool was seen to increase by a factor of 
2 as the element conductance parameter, ki 
(which is the thermal conductivity times “effec- 
tive” thickness of heater), increased in the 
range of 4.5 to 1680 x 1074 watts/°C. A pro- 
posed analytical model qualitatively predicts 
these trends but does not agree quantitatively 
with the experimental data. The authors con- 
clude that the prime reason that thin heat- 
transfer elements have lower critical heat 
fluxes is lower conductance and not lower heat 
capacity. 

Designers concerned with space power units, 
fast reactor safety, and advanced reactor tech- 
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nology will be interested in studies of the criti- 
cal heat flux for boiling liquid-metal systems.° 
Eighteen critical-heat-flux experimental data 
points were presented: two for sodium, eight 
for rubidium, and eight for water, all taken in 
the same apparatus. A correlation that repre- 
sents 60 data points also includes data of other 
investigators for sodium and potassium; from 
it results the nondimensional equation 


0.71 
( = 1,18 x 1078 (F) 


where all values are at saturation conditions. 
This expression was modified by introducing 
the Prandtl number to the 0.71 power to include 
both metallic and nonmetallic data in a single 
dimensionless correlation 

p, — P, 


| “ay 


that is recommended for predicting the critical 
heat flux over a range of Prandtl numbers from 
0.004 to 11; this correlation is shown in Fig. 
IV-2. 


q.'Cy 0 
rok 





q'C, 9 


r’p, k 





) Pr~9-1 = 1.02 x 10°* 





% Co 








-0. 
Pr 1.02x 





10° P.-P, 0. 65 
Py 


Caswell 
Colver 
Noyes 
Caswell 
Carbon 
|e 
and 
Bonilla 
Caswel | 
Addoms 
Kazakova 
1 








Fig. IV-2 Critical heat flux (q'’) for various 
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metallic and nonmetallic boiling fluids can be deter- 


mined by means of a single dimensionless correlation.® 
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The boiling behavior of metallic liquids was 
also investigatea.?—™ How boiler surfaces 
ranging from highly polished mirror finishes to 
coarse, porous coatings affect nucleate pool 
boiling of sodium was studied.’* Heat fluxes as 
high as 236,000 Btu/(hr)(sq ft) were attained at 
pressures below 1 atm with sodium at 1200 to 
1500°F. The qualitative effects of roughness, 
aging, and hysteresis were determined. For 
reproducible data to be obtained, it was essen- 
tial to employ uniform cleaning and filling 
procedures. Incipient nucleate-boiling heat flux 
vs. wall superheat were discussed, as were the 
effects of pressure and pool depth on the 
nucleate-boiling curve. The surface roughness 
and past history were found to affect signifi- 
cantly the incipient boiling, the nucleate-boiling 
wall superheat, and the slope of the boiling 
curve of sodium. The wall superheat required 
to initiate sodium nucleate boiling is signifi- 
cantly greater (at least a factor of 5) than that 
required to sustain it. Natural convection for a 
horizontal disk in pool boiling, particularly at 
low boiling heat fluxes, may appreciably in- 
fluence sodium heat transfer. Clearly, nucleate- 
boiling heat-transfer data cannot be correlated 
without including the effect of surface condi- 
tions. 

In a companion theoretical study of nucleate- 
boiling instability for alkali metals, a simplified 
theoretical model for bubble nucleation stability 
was proposed and an approximate stability cri- 
terion was developed.'® This criterion contains 
both fluid and surface properties and predicts 
that nucleation for sodium should be unstable. 
Measurements of the effects of surface mate- 
rial and its chemical treatment, heat flux and 
cavity geometry on nucleation stability agreed 
with theoretical predictions. The stability cri- 
terion developed from an analysis of the bubble 
nucleation and dynamics is unique in that it in- 
cludes the thermal properties of the surface, 
the cavity geometry, and the wetting behavior 
of the fluid. Inertial effects have been omitted. 
Only double reentrant type cavities appeared to 
be effective in maintaining nucleation stability 
of sodium. Thus an artificial nucleating site 
(such as a doubly reentrant type cavity, a patch 
of porous plate or porous weld, or a “hot 
finger”) might be used to maintain stability in 
alkali-metal boilers. 

A transient-quenching method of determining 
the critical heat flux and heat-transfer coeffi- 
cients in film- and nucleate-boiling magnesium 


FLUID AND THERMAL TECHNOLOGY 231 


was presented.'' A tungsten sphere, instru- 
mented with thermocouples, was heated to 
3100°R and then quenched in a boiling pool. As 
the sphere cools, its surface temperature and 
heat flux follow the boiling curve for the liquid 
metal being studied. Critical heat flux and heat- 
transfer coefficients in the transition- and 
nucleate-boiling regimes for subcooled (265 °F) 
pool-boiling magnesium are included. Analyti- 
cal predictions of the critical heat flux, how- 
ever, were a factor of 5 to 10 higher. It was 
hypothesized that the low measured value of 
critical heat flux of magnesium was caused by 
the lack of wetting of the tungsten sphere by 
the magnesium during transition boiling. 


Stability of Flow 
in Heated Channels 


The interaction between hydrodynamics and 
heat transfer was studied analytically'? and 
experimentally.'4 A very restrictive set of 
assumptions was applied in a theoretical calcu- 
lation of the dynamic stability of flow oscilla- 
tions in a heated channel.'* The stability of this 
channel was investigated by applying the Hur- 
witz criterion after a perturbation solution of 
the usual equations. The resulting third-order 
characteristic equation shows that, under cer- 
tain operating conditions, there exists both 
upper and lower stability bounds on the stability 
map. The analysis was applied to correlate 
experimental data of other investigators and to 
study the effects of various system parameters 
on system stability. The trends predicted agree 
with the limited range of experimental condi- 
tions (five points for two pressures by one 
investigator) for which the comparison was at- 
tempted. 

Flow stability in multitube forced-convection 
vaporizers was investigated with a transparent 
closed test loop having Freon-113 as the test 
fluid.’ Dimensionless simulation criteria were 
defined on the basis of the significant parame- 
ters determined from a literature survey. 
Conclusions and discussions are based on the 
measured data and high-speed photographs of 
two-phase flow in a five-tube boiler whose 
tubes had twisted-tape inserts. Stable flow was 
achieved by inserting an orifice at the entrance 
of each boiler tube to give pressure drops 
between 20 and 160% of the two-phase pressure 
drop. The importance of visual observations 
was stressed. 
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Theoretical Boiling Studies 


Reactor designers will be interested in the- 
oretical studies of boiling phenomena, including 
film boiling and bubble formation in nucleate 
boiling. 


Film boiling was explored by several in- 
vestigators.°~'® The relation between bubble 
diameter and frequency of removal from a 
heated sphere during film boiling in saturated 
liquid nitrogen was studied,’ as was the Leiden- 
frost phenomenon of film boiling of drops ona 
hot surface.’ '® The vibrations and breakup of 
such a drop corresponded to those calculated 
from spherical-shell theory.’® An analytical 
model for boiling heat transfer to waterdrops 
on a flat-plate-covered heat transfer to the 
waterdrop, heat transfer from the plate, and 
the heat-transfer coefficient for the special 
case where radiation can be neglected." The 
effect of film boiling for large drops was mea- 
sured experimentally and compared to theo- 
retical analyses.!® The maximum drop diame- 
ter and the minimum temperature difference 
for stable film boiling were predicted by sta- 
bility considerations—similar methods have 
been suggested for nucleate boiling. These 
studies may be useful to estimate fuel-element 
cooling time after a reactor accident. 


Bubble phenomena relevant to nucleate-boil- 
ing heat transfer were discussed.'°~*! The 
delay time, growth rate, contact diameter, and 
bubble size and shape at departure are inter- 
related.!? A longer delay brings about faster 
growth, a larger contact diameter, and a bigger 
bubble at departure. Spherical bubbles have 
little or no delay time, slow growth, little 
contact area, and small size at departure; 
hemispherical bubbles have a long delay time, 
very fast growth, a large contact area, and a 
very large bubble volume at departure; oblate 
bubbles have intermediate values for all these 
factors. 

Bubble shapes apparently can be explained in 
terms of inertial and surface-tension forces. 
For spherical bubbles, the surface-tension force 
is always greater than the inertial force, but 
for hemispherical bubbles the inertial force is 
dominant. For oblate bubbles, either can be 
dominant. Bubble departure diameters, depar- 
ture velocities, and contact angles were mea- 
sured by means of high-speed motion pictures 
of steady-state boiling.”” A zirconium-ribbon 





Vol. 8, No. 4 


heater insulated at its undersurface and edges 
was immersed in a pool of the liquid main- 
tained at saturation temperature. Data for 
various liquids at subatmospheric pressure 
were represented by 


E 0.5 1.5 
£0 dD 
D, = 0.0288 | ——-*——~ + 0.0 — 
, 8 a “| 3 ia (2) 


Mixtures are of interest for increasing boiling 
heat transfer and for determining the relative 
importance of thermal and diffusional resis- 
tances in the growth and formation of a bubble. 
Bubble growth rates were given for two mix- 
tures.”! 


Condensation 


Studies of condensation are of interest for 
the design of reactor equipment and, addi- 
tionally, represent a phase change that is the 
inverse of boiling. 


Laminar film condensation in two-phase 
channel flow was investigated in an analytical 
study that includes the interaction between the 
vapor and liquid interfaces and that proposes a 
dimensionless criterion for neglecting inertia 
and convection effects in the condensate film.”* 
A relation was derived with the use of a uni- 
versal velocity profile for predicting conden- 
sate-film heat-transfer coefficients for various 
surface-roughness heights.*® Two regions were 
found—an upper limit corresponding to fully 
developed rough flow and a lower limit corre- 
sponding to hydraulically smooth flow. Some 
experimental data on the condensation of water 
gave results that fall between these two bound- 
aries. 


Film condensation of metal vapors has shown 
consistently lower heat-transfer coefficients 
than predicted from Nusselt’s classical the- 
ory”4 or from more recent modifications of that 
theory. Kinetic-theory calculations to resolve 
this discrepancy between theory and experi- 
ment show that a significant thermal resistance 
can exist at the liquid—vapor interface of liquid 
metals.” This resistance increases with de- 


creaSing vapor pressure and depends on the 
value of an accommodation coefficient, named 
the “condensation coefficient.” Experiments to 
verify this liquid—vapor interfacial-resistance 
hypothesis used mercury condensing on a ver- 
tical nickel surface at low pressures in the 
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absence of noncondensable gases. Because the 
condensation coefficient is a function of the 
state of the liquid surface, it is probably in- 
fluenced by contamination in the experimental 
system and may vary with vapor pressure and 
temperature, Calculations for condensing met- 
als at pressures significantly less than 1 atm 
should include the condensation coefficient. In 
practice, particular attention must also be 
paid to the presence of noncondensable gases 
in experiments and in operating equipment. 


In certain cryogenic applications, heat ex- 
change between condensing and boiling streams 
is limited by the condensing-side heat-transfer 
performance. This occurs primarily at high 
heat fluxes because condensing coefficients 
decrease with increasing heat flux. The Nus- 
selt equation for film type condensation on a 
horizontal tube suggests that the coefficient 
increases in a multi-g acceleration field. More 
improvement would be expected if the resis- 
tance of the condensate layer to heat flow were 
reduced by a thin porous coating on the con- 
densing surface. Results of condensation ex- 
periments in smooth and porous coated tubes 
under acceleration agree with the theory.”° At 
the highest test acceleration of 325 g’s, the 
condensing coefficient improved by a factor of 
at least 4.25 over that for 1 ¢ with the same 
temperature driving force. At heat fluxes 
greater than 10,000 Btu/(hr)(sq ft), experi- 
mental coefficients were better than theory 
predicted; this was attributed to rippling of 
the condensate film with consequent enhance- 
ment of the heat-transfer coefficient. At 
325 g’s and with a heat flux of 20,000 Btu/ 
(hr)(sq ft), condensation on a porous aluminum 
surface was 4.5 times better than on a smooth 
surface. Therefore the combined improvement 
over a smooth tube at 1 g was a factor of 19.1. 

Experiments showed that radially grooved 
rotating disks reduced the condensing film 
resistance by some 65% but improved the rate 
of heat transfer through the disks by only 12 to 
14%. In these experiments only a relatively 
small amount of the feed was evaporated, and 
thus most of the resistance to heat transfer 
was on the evaporating side.”" 


Dropwise condensation was discussed by 
Westwater in an invited lecture and in his 
papers,”8.29 which showed renewed interest in 
this method of improving condensing heat trans- 
fer. Dropwise condensation of water was shown 
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to occur at active nucleation sites (and there- 
fore should be termed nucleate condensation) 
whose number depends on the surface prepara- 
tion and its subcooling.”® The heat flux may 
be greater than, less than, or equal to that for 
filmwise condensation at the same temperature 
difference, depending on the active-site popula- 
tion. Exact calculation of the heat flux requires 
an involved iterative technique to account for 
the nucleation, growth, and coalescence of every 
drop. The functional relation between the tem- 
perature difference and active-site population 
is unknown for any surface. Oleic acid?’ pro- 
moted dropwise condensation of ethylene glycol 
on a copper condenser when the surface was 
cooler than 290°F. Correlation of data over a 
wide range of variables was achieved through 
modification of an Isachenko” equation to 


Nu = 1.46 x 1078 (Re*)“*'811/""6 pr? 
where 
Re* =k, AT/u,d Il, = 2g,0(da MT) T, JI 
and 
Pr =(C u/R), 


This study also indicates there may be as 
many as 7 million active nucleation sites per 
square inch during dropwise condensation. A 
drop may experience an estimated 400,000 
coalescences in reaching its final size. Thus 
the liquid-film fracture theory of dropwise 
condensation is rejected. 


Two-Phase Pressure Drop 


Reactor thermal and safety analyses fre- 
quently involved predictions of the properties 
of two-phase fluids. That interest in this sub- 
ject continues strong was evidenced by seven 
papers.”! —s Two-phase frictional pressure drop 
was correlated on the basis of data for mer- 
cury—nitrogen, water—air, and three sets of 
data for steam.*’ The ratio of two-phase to 
all-liquid pressure-drop gradient was expressed 
as 


2 _ (SP/AL)tP 
“0 (AP/AL),. 


where the subscript 0 stands for total mass 
flow rate. The relation between this two-phase 
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multiplier and the Lockhart—Martinelli®® cor- 
relation 


9 _ (AP/AL)rtp 
t= “TRP7AL), 


is given by 
6, = &(1—x)"* 


where x, the quality, is the ratio of gas (or 
vapor) mass flow rate to total flow rate, for 
both single- and two-component flow. The cor- 
relation consists in a plot of the two-phase 
multiplier as a function of the property index, 
(ur /g)”*/(PL/ Py); with quality as a parameter 
for mass velocities from 0.25 to 3 x 10° 
Ib/(hr)(sq ft). This correlation was based on 
129 experimental points and the mass-flow- 
rate data of Sher and Green*’ for 2000-psia 
steam. The latter set of curves shows a rather 
unusual behavior and cannot be represented by 
any analytical expression. 

Experimental pressure-drop and void-frac- 
tion data are compared with this correlation for 
water —air, kerosene—air, dieseloil—air, NakK— 
nitrogen, potassium (in a horizontal serpentine 
and an annulus with a helical tape), and steam. 
No effort was made to include the effect of 
changing flow patterns in the correlation. How- 
ever, because the two-phase multiplier ratio 
may both increase and decrease at a given 
mass velocity and quality as the property index 
increases, this unusual aspect of the correla- 
tion may implicitly include the effects of flow- 
pattern changes. Application of the correlation 
to data on boiling potassium required the use 
of a previous correlation*® to predict liquid 
fraction. 


Bubbling mixtures in turbulent flow within a 
vertical plexiglass tube were used in an ex- 
periment that included analyses and separate 
measurements of frictional, hydrostatic, and 
momentum pressure drops. Calculational pro- 
cedures are suggested. The authors found the 
simplest correlation for bubbling-flow wall 
Shear stress is obtained when a Reynolds 
number and friction factor are defined by use 
of the actual mixture velocity and density along 
with the liquid viscosity. The resulting friction 
factors are then approximately 10% above the 
Moody smooth-pipe friction factor. Momentum 
fluxes in bubbling flow were found to be not 
necessarily bounded by the homogeneous and 
separated flow models. The momentum fluxes 
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were found to be better correlated by the 
separated model but would always be 5 to 25% 
larger than predicted by that model. 

When the void fraction was less than 25%, 
bubbles formed at the wall diffused only slowly 
toward the center, giving rise to slip ratios 
less than 1. This behavior is characterized as 
“developing flow”; however, the length re- 
quired for fully developed flow is not known. 
Photographs helped define a map of the bound- 
ary between bubbly flow and unsteady exit flow 
on the coordinates of superficial liquid velocity 
vs. superficial gas velocity. For large volu- 
metric flow concentrations, the void fraction 
approaches the slug-flow limit. 


The transition from the slug-annular to two- 
phase flow was studied with an electrical- 
conductivity probe.*4 The purpose of this study 
was to identify the flow pattern for correla- 
tions of pressure drop and heat transfer. Si- 
multaneous void measurements indicate that the 
transition occurs when the void fraction is be- 
tween 80 and 90%. For superficial liquid ve- 
locities greater than about 1 ft/sec, the mass 
quality at transition is a constant that depends 
only on pressure. For low superficial liquid 
velocities, transition occurs at a superficial 
gas velocity that depends on pipe diameter. 
When the liquid flow is small, transition is 
unaffected by a reduction in liquid surface 
tension or the effects of liquid impurities. The 
liquid viscosity does not significantly affect the 
transition line. 

During the discussion of this paper, it was 
mentioned that substantial subcooling eliminates 
slug flow to give transition directly from 
bubbly to annular flow. As an alternate to the 
electrical-conductivity probe, a study of the 
power spectral density of pressure fluctuations 
at the wall was suggested for determining the 
flow regime. 


Void fractions in a developing two-phase flow 
system with flowing and nonflowing liquid phases 
were investigated for steam—water mixtures 
flowing vertically in a large unheated duct over 
a wide range of flow conditions.*® The scope of 
the experiment covered superficial liquid ve- 
locities of 0 to 20 ft/sec and pressures of 600 
to 1500 psig. A gamma attenuation system was 
used to measure chordal void fractions, which 
were integrated to give an average. Also, a 
manometer technique was evaluated for giving 
the average void fraction. 
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Void distributions obtained with the variable- 
density model of Bankoff*! (this reference was 
incorrectly cited in the paper) were compared 
with those from the film—exponential model. 
The latter model assumes a thin film of liquid 
at the wall. The average void fractions were 
compared with slip-ratio correlations of Mar- 
chaterre and Hoglund* and the kinematic-wave 
model of Zuber and Findlay.*® In the discussion 
of this paper, the question of flow development 
was raised again. For an explanation of the 
Slip ratios of less than 1, it is necessary to 
assume that the vapor was near the wall where 
velocity is least. Experimentally it was found, 
however, that there was liquid at the wall. It 
was also pointed out that equations for two- 
phase flow should include the dependence be- 
tween velocity and void profiles. Fluctuations 
in velocity and density give rise to terms 
Similar to the Reynolds stresses in turbulence 
theory. 

The phase velocities in boiling flow systems 
are given by their relation for minimum voids 
in terms of phase densities and parameters 
related to the velocity distribution by use of a 
total energy balance.*! The correlating interval 
(which is a function of the quality and the vapor- 
and liquid-phase viscosities and densities) was 
derived from diffusion theory. A simple rela- 
tion was obtained between quality, vapor frac- 
tion, and power input per unit flow volume in 
the test section. Qualitative predictions of void 
variation with heat flux and hydraulic diameter 
were Said to agree with datafrom the literature. 
In the discussion of this paper, it was pointed 
out that application of minimization principles 
without rigorous justification could lead to 
serious errors. Kinetic-energy distribution fac- 
tors dependent on velocity distributions were 
introduced in this model; they varied from 0.5 
to 1, and the variation depended on whether the 
flow was laminar or fully turbulent. If the flow 
pattern in each of the phases cannot be speci- 
fied, these constants may only serve to curve- 
fit the data. 


Sudden contraction in two-phase flow in round 
pipes caused pressure drops that were mea- 
sured and reported as functions of system pres- 
sure, flowing-mixture quality, contraction-area 
ratio, and mass velocity. No void measure- 
ments were made, and water at saturation 
pressures of 200 to 500 psia was the only fluid 
studied. Pressure drop caused by the contrac- 


FLUID AND THERMAL TECHNOLOGY 235 


tion was correlated in terms of a contraction 
coefficient that was independent of mass ve- 
locity over the range of conditions studied. 
The homogeneous model gave the best corre- 
lation of the data, but it was about 20% high, 
supposedly because of a large amount of mixing 
in the reexpansion after the vena contracta. 

Two-phase heat transfer was simulated by 
the bubbling of air through the wall of a porous 
heated tube into water and into ethylene glycol 
flowing upward at room temperature and atmo- 
spheric pressure.*® A simplified superposition 
type model based on microconvection, vapor — 
liquid exchange, and “convection-area-reduc- 
tion’ mechanisms was found to predict the 
trends of the air bubbling rate on heat transfer. 
Heat transfer increases over that of pure 
forced convection at low and moderate bubbling 
rates compared favorably with those caused by 
pool nucleate boiling when convective heat- 
transfer rates were relatively low. Photo- 
graphs of pool boiling and air bubbling from 
identical tubes in a tank of Freon-11 showed 
qualitatively that bubble diameters and flow 
formations were similar in both processes. 
The result of this theory suggests that the 
enhancement in heat transfer and boiling could 
be considered as hydrodynamic in nature, thus 
making latent-heat transport unimportant as a 
heat-transfer mechanism. 


Heat Exchangers 


A lively commercial and technical interest in 
heat-exchanger design and operation is indi- 
cated by the large number of relevant papers 
that were presented. 

Experimental heat-transfer coefficients were 
presented“! for in-line, turbulent flow of NaK 
along the surface of an unbaffled bundle of 
nineteen '/,~in.-diameter rods arranged on an 
equilateral triangular pattern with a pitch-to- 
diameter ratio of 1.75. The shell and all rods 
in the bundle were heated electrically to pro- 
vide equal and uniform heat fluxes of 18,000 to 
30,000 Btu/(hr)(sq ft) throughout the bundle. 
Tests covered conditions of fully established 
velocity and temperature profiles and also 
conditions where entrance effects were im- 
portant. These results agreed with theoretical 
predictions and earlier similar experiments 
with mercury except at very low flow rates 
corresponding to Peclet numbers less than 
500. It was hypothesized that the low heat- 
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transfer coefficient (~10% below theory) was 
caused by gas collection and incomplete wetting 
at the heated surface. 

An analytical study of the wall and fluid 
temperature field in a counterflow heat ex- 
changer includes the effects of longitudinal con- 
duction in the wall and unbalanced flow.” In 
addition to the general solution, balanced flow 
and insulated boundary conditions are con- 
sidered. Longitudinal conduction in the wall 
separating the fluids distorts the temperature- 
distribution curves for both streams and pro- 
duces a larger temperature difference at the 
ends; the minimum difference is at some point 
between the ends. With these exact solutions 
and the temperature-distribution plots, it is 
possible to determine how thermal performance 
is affected at low flow rates. x 


The effectiveness (the ratio of the enthalpy 
actually transferred to the maximum possible) 
and temperature difference of the unmixed 
fluid in “split cross-flow” heat exchangers were 
determined analytically.“ Of particular interest 
is the “split—mixed crisscrossed—unmixed” 
heat exchanger, which provides the most uni- 
form exit temperature distribution of the un- 
mixed fluid among the simple-configuration 
cross-flow heat exchangers (Fig. IV-3). Effec- 
tiveness and temperature distribution are com- 
pared with conventional cross-flow heat ex- 
changers. Heat exchangers with one Shell pass 
and 2 tube passes, where 7” is an even number, 
are often referred to as 1-z exchangers. A 
generalized equation*” has been derived for the 
effectiveness, €, of 1-n exchangers in terms 
of the capacity-rate ratio, R, and number of 
transfer units, NTU. Values of € at small in- 
tervals of R and NTU are tabulated for the 1-2 
exchanger together with correction factors to 
give « for each 1-n exchanger through n = 12. 
Deviations from 1-2 exchanger effectiveness 
increase with n and NTU. Thus, in addition to 
the significant effect that these deviations have 
on thermal stability and control of exchangers, 
the correction factor is particularly important 
in the design and Selection of large heat ex- 
changers whose purpose is the economic re- 
covery of heat from a fluid. Because economic 
evaluations of such exchangers often involve 
the difference between two large numbers, the 
accuracy of the deviations and correction fac- 
tors is an essential factor. The use of analog 
and digital computers to design plate type 
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Split-mixed crisscrossed-unmixed flow 


Fig. IV-3 Schematic of flows in split cross-flow heat 
exchangers within cylindrical envelopes. 


exchangers by the «—NTU method was de- 
scribed.‘* The techniques were outlined in 
detail, and some results were given. 


Finned tube heat-exchanger design data and 
procedures were given in seven papers.**—® 
Pressure drop of air flowing across triangular- 
pitch banks of finned tubes is correlated in the 
form of a friction factor as a function ofa 
Reynolds number and a pitch-to-diameter 
ratio.“ Measurements are reported of convec- 
tive heat transfer and flow friction for nine 
pin—fin surfaces with square spacing of 2, 
3, and 4 times the fin diameter and with plate 
spacing of 4, 8, and 12 times the diameter.” 
Vibration was found to be important, and in- 
tense noise occurred at certain flow veloci- 
ties because of vortex shedding, which may 
have been coupled with a natural frequency in 
the heat exchanger. Vibrations increased the 
friction factor but did not significantly affect 
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the heat transfer. Natural frequencies of the 
heat exchangers may be either acoustical or 
mechanical. Free-convection heat transfer to 
a new type of extended surface covered with 
rows of finned pins was studied.®! With an 
average temperature excess of 200°F at the 
roots of the pins, the rate of heat transfer from 
such an extended surface was 475% higher 
than that from the basic surface without the 
finned pins. 

The problem of optimizing finned geometry 
to maximize free-convection heat transfer in 
air at atmospheric pressure, taking into ac- 
count nonuniform fin temperatures, was in- 
vestigated*® by introducing the fin effectiveness 
into the Elenbaas®® solution for uniform fin 
temperature. This yields an optimum fin spac- 
ing for the nonuniform case, together with 
optimum values for fin thickness and tube 
diameter for a tube with square fins. A theo- 
retical analysis of optimization of parabolic- 
Shaped fins considers the combined effect of 
conduction, radiation, and solar irradiation.*” 
The governing differential equation is reduced 
to an equivalent double-integral equation that 
yields the relation between the finned geometry 
and weight parameters. The resulting geometry 
of least mass is plotted as a function of the 
dimensionless irradiation parameter and the 
structure-to-weight ratio (total weight to the 
weight of the fins). 

A novel lightweight heat-rejection system for 
vapor was reported.” It uses cooling fins made 
of plastic film to condense the vapor coolant 
for a portable direct-conversion energy sys- 
tem. The plastic film can accommodate changes 
in heat input by changing shape or by partially 
collapsing. The durability and long-term per- 
formance of finned tubes under steady-state 
and thermal-cycling conditions were evaluated 
by means of tests on both extruded-fin tubes 
and tension-wound-fin tubes (in each specimen 
the fin and tube were of different metals).*° 
Single-tube heat-transfer and strain-gauge tests 
were run both at the original contact pressures 
and at the isothermal tube-wall temperatures 
at which the fin-to-tube contact was lost. 


A dynamic analysis was made ofa concentric- 
tube heat exchanger with a time-varying flow 
as the forcing function.*” The mathematical 
model agrees well with experiments for step, 
Square wave, and sinusoidal changes in the 
tube flow rate. Errors introduced by lineariza- 
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tion of the equations were investigated to deter- 
mine the accuracy of the approximation. 


Two novel heat-exchange devices were re- 
ported.*®.®® The Spiralator uses a rotating 
twisted tape to scrape the interior wall of tubes 
containing viscous or fouling liquids.®® Small- 
diameter flexible-tube Teflon* heat exchangers 
offer high corrosion resistance, smooth slip- 
pery surface, tube flexibility, and inertness.°® 
The favorable nucleation char-cteristics of 
Teflon for boiling and condensation and the 
fact that about 200 sq ft of surface area per 
cubic foot of shell volume can be built into a 
small tube exchanger stimulate interest in this 
new development. The higher thermal resis- 
tance of the Teflon wall can be offset by the 
lack of fouling for crystalline deposits and the 
versatility of its use. 


Packed Beds 


Relevant to some advanced reactor concepts 
are several papers on packed-bed heat transfer 
and pressure drop. Heat-transfer and pressure- 
loss characteristics of glass—ceramic matrices 
for regenerative heat exchangers were mea- 
sured.” The steady-state axial temperature 
distributions in moving-bed fluid-to-particle 
heat exchange was determined analytically for 
a vertical duct of constant area in cocurrent 
and countercurrent flow.® If the regeneration 
principle is used, the distance over which the 
gas and solid temperatures are different and 
heat is transferred can be predicted. The small 
value of the effective length indicates that such 
a fluid-to-particle heat exchanger would be 
very compact. An analysis of unsteady-state 
heat transfer to a fluid flowing through porous 
heated solids provides solutions for both solid 
and fluid temperatures, some of which were 
verified experimentally.” Theory and experi- 
ments were reported for the heat-transfer 
and flow-friction characteristics of air-cooled 
matrices of high porosity that were heated 
by radiation which gives an exponential heat 
source. A transient solution of simultaneous 
convection and radiation heat-transfer equa- 
tions, when used with experimental data taken 
in the steady state, gave volumetric heat- 
transfer coefficients for convection only in 
the matrices. Correlations were obtained with 





*Trademarked name for Du Pont fluorocarbon 
resin copolymer. 
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Reynolds numbers, based on a characteristic 
length obtained by equating pressure drop to 
the sum of viscous and inertial resistance 
terms. A related but more theoretical paper 
reported a study of the time-dependent tem- 
perature distribution for incompressible flow 
past a sphere.™ A numerical solution of the 
diffusion equation showed that the temperature 
gradients at a spherical surface, as well as 
the time required to approach steady state, 
depend markedly on the value of the Peclet 
number. 


Desalinization 


The possibilities of the desalting of seawater 
as an auxiliary process while generating power 
in a dual-purpose nuclear plant have been 
receiving considerable attention from reactor 
designers. The interest in such technology is 
indicated by the six papers presented on this 
subject.© —"° The thickness of a laminar liquid 
film draining from a vertical wall can be found 
analytically for the case of a constant evapora- 
tion rate from the surface of the film.® Tran- 
sient as well as steady-state expressions are 
found that show the location where the film 
vanishes, the rate of evaporation, and the total 
mass evaporated. 

The U. S. Department of the Interior’s Plant 
No. 1 at Freeport, Tex., for desalting seawater 
by the falling-film distillation process was 
described thoroughly.’° Reference 70 gives a 
description of the process, analysis of pilot- 
plant data and a report on evaporator per- 
formance. An alternate method of heat transfer 
in desalinization involves a multiphase ex- 
changer that uses direct-contact heat transfer 
from a nonvolatile immiscible liquid to change 
the phase of a volatile fluid.®® The initial diam- 
eter of pentane droplets evaporating within an 
immiscible water medium in a 3-phase (pen- 
tane, water, and pentane vapor) heat exchanger 
was found to affect the overall heat-transfer 
coefficients. The heat-transfer coefficient in- 
creased with a decrease in droplet size, and, 
apparently, surface tension and excess pres- 
sure from curvature are relevant parameters. 
Although scraped or wiped falling-film evapo- 
rators have been used industrially for some 
years, little has been published about their 
heat-transfer performance. An experimental 
study of evaporation at a scraped surface found 
that the Nusselt number was proportional to 
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Reynolds number to the 0.25 power, to a rotary 
Reynolds number to the 0.43 power, to the 
Prandtl number to the 0.33 power, and to the 
number of the blades to the 0.33 power.*® 


Deposits formed beneath bubbles during nu- 
cleate boiling of radioactive calcium sulfate 
solution were found in detailed studies to be 
related to heat transfer and the problem of 
fouling of surfaces during evaporation of salt 
water.** Calcium sulfate is of interest because 
of its scale-forming ability. Studies of such 
deposits show that the bubble behavior is con- 
sistent with the microlayer vaporization hy- 
pothesis proposed by Moore and Mesler." The 
relative distribution of the deposits revealed 
by autoradiographs indicates that there is more 
evaporation beneath the bubble (as was sug- 
gested by Moore and Mesler) than there is in 
evaporation at the triple interfaces (as was 
proposed by Partridge and White)." A second 
study of heat transfer and fouling rates during 
pool boiling of calcium sulfate solution shows 
the deposition rate is proportional to the square 
of the heat flux and nearly constant in time at 
constant heat flux.® It follows that the deposi- 
tion rate is proportional to the concentration 
driving-potential squared, as proposed by Mi- 
yauchi.’? Deposition of CaSO, on a surface in 
nucleate boiling creates additional nucleate- 
boiling sites, which raises the heat-transfer 
coefficient during part of the operating time — 
although the eventual result of fouling is to 
reduce heat transfer. Thin polyhydrocarbon 
coatings retarded scaling by an order of mag- 
nitude and increased the overall coefficient of 
heat transfer during calcium sulfate deposition. 
Polymerization fouling, which was also studied, 
produces a temperature—time behavior com- 
pletely different from that of crystalline fouling 
and is not well understood. The heated surface 
temperature remained constant for a time that 
depended on the heat flux and polymer concen- 
tration. It then increased 350 to 400°F within 
1 to 2 min and began oscillating with an ampli- 
tude of 40°F and a period of about 0.1 min. 


Radiation 


Interest in radiation heat transfer continues 
to grow because of the increase in design tem- 
peratures of reactor systems and because of 
the importance of this mechanism for heat 
sinks for space power plants. 








SU ome AU 


rr Ww We VS —_ Vi oe ' 


~ 


rt. — —w 





Fall 1965 


A method was presented for calculation of 
radiative exchange in enclosures whose surface 
reflectance can be approximated by the sum of 
a diffused and a specular component.” Heat 
transfer by simultaneous internal conduction 
and surface radiation in plates with specular 
reflection was treated in terms of a nonlinear 
integro-differential equation that was converted 
to an integral equation and then solved numeri- 
cally.” Solutions have been obtained for a wide 
range of conditions, including those for which 
diffuse reflection results are available. Reflec- 
tion and transmission intensities from gray 
slabs were found by use of the powerful in- 
variant embedding method that was developed 
for phenomena such as neutron transport.” 
Problems of simultaneous convection and ra- 
diation in a laminar boundary layer on a flat 
plate were formulated and solved.’ In these 
solutions it was assumed that the plate surface 
is black and that the fluid medium is a perfect 
gas for which the mass absorption coefficient 
for radiation is independent of frequency and 
temperature. The iterative solution includes 
the effect of viscous dissipation, secondary 
emission and absorption, and incident external 
radiative fluxes. 


Thermophysical Properties 


A novel use of heat-transfer techniques en- 
ables the measurement of thermophysical prop- 
erties at extremely high temperatures. The 
thermal conductivities of noble gases in the 
range 1500 to 5000°K were determined by 
measurement of heat-transfer rates from heated 
gases to the end wall from a reflected shock 
wave.'® Consideration of density variation in 
the thermal boundary layer was found to be 
Significant in evaluation of the data; some pre- 
vious investigations had neglected this effect. 
The thermal conductivity of hydrogen from 
2000 to 4700°F and 15 to 150 psia was deter- 
mined from the measured effective conductivity 
of porous tungsten specimens filled with pres- 
surized hydrogen;’? thermal conductivity as 
determined by subtracting the solid conductivity 
contribution compares within a factor of 2 with 
existing experimental and theoretical work. 
Heat transfer through porous ceramics in a 
thermally degraded ablation material was mea- 
sured and tested against different theories.™ 
If the correct model is assumed, the apparent 
conductivity is the sum of the separate con- 
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tributions of solid and gas conduction in radia- 
tion. The radiant portion of the conductance is 
proportional to the product of the mean tem- 
perature cubed times the average pore size. 


Other Heat-Transfer Studies 


Studies important to cryogenic heat transfer 
were described.*!,®? Heat transfer from lami- 
nar boundary layers was considered, with 
emphasis on large free-stream velocity gradi- 
ents and highly cooled walls.® In experiments 
on how free convection affects laminar forced- 
flow heat transfer in a uniformly heated hori- 
zontal tube, the free-convection-flow component 
that caused secondary flow was observed as a 
decrease in the wall-to-bulk fluid temperature 
difference required to transfer heat as com- 
pared to the pure forced flow.™ Local as well 
as average heat-transfer coefficients between 
an isothermal flat plate and impinging two- 
dimensional jets were measured for both single 
jets and arrays of jets.® Viscous and thermal 
boundary-layer behavior on the electrically 
insulating wall of a rectangular magnetohydro- 
dynamic channel was analyzed theoretically by 
use of momentum and energy integral approxi- 
mations.** Measurements of the way in which 
asymmetrical heating in a parallel-plate chan- 
nel affects fully developed turbulent heat trans- 
fer show it to be qualitatively as predicted 
analytically.“ An analysis of a thermal flow- 
meter includes the normally neglected effect 
of axial conduction along the tube.** Transient 
heat transfer between a thin circular tube and 
the incompressible fluid moving through it was 
analyzed for constant inlet fluid temperature; *? 
both radial conduction in the wall and the heat 
loss at the outer surfaces of the cylinder were 
included. The effect of heat conduction on wall 
temperature was determined for a well casing 
passing vertically through a planar heat source 
of constant temperature.” 

An approximate calculation was presented for 
natural-convection melting of an ice-water sys- 
tem.*! Although an analytical study of transient 
heat transfer to a Bingham plastic (a material 
with a finite yield stress and linear stress— 
strain curve) in laminar flow in a circular tube 
with energy generated internally was given with 
a justification of its applicability to slurry 
reactors, experiments reported in the paper 
generally agree poorly with the theory, showing 
wall temperatures 30% lower to 100% higher 
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than predicted plus a different transient re- 
sponse.” Equations were given for the tem- 
perature of moving solid materials undergoing 
heating or cooling.*»*4 The determination of 
the surface heat flux from the measured- 
temperature history inside a heat-conducting 
solid is called the inverse heat-conduction 
problem; this problem becomes nonlinear if 
the thermal properties depend on temperature 
and was solved by a finite-difference method.™ 
A stable, explicit numerical solution of the 
conduction equation for multidimensional non- 
homogeneous media was presented.” This 
method, which may be called an alternating- 
direction explicit procedure, takes less com- 
putational time than the alternating-direction 
implicit procedure and appears to combine the 
computational ease of the explicit methods 
with the stability of the implicit methods. 

Evaporation rates from hot vertical flat 
plates, which are relevant to reactor safety 
analyses, were analyzed.*” It was concluded 
that a correction factor accounting for the 
effect of transverse mass flux must be incor- 
porated in the correlation expression for pure 
heat transfer. Also of potential importance to 
reactor safety is an experimental study of 
transient heat transfer to liquids in cylindrical 
enclosures.” 

The thermal-control techniques and the ther- 
mal-design calculations for the Nimbus satel- 
lite were reviewed.*®? Movable insulation panels 
provide active temperature control of exterior 
surfaces. The analytical methods described 
agree with thermal model tests and actual 
space-flight data. 


Loss-of-Coolant Accidents 


One facet of heat transfer directly related to 
reactor safety and containment was discussed 
by a panel. Most of the discussion concerned 
the LOFT (Loss-of-Fluid Test) program that 
is part of the reactor safety program of the 
AEC. For this program a 50-Mw(t) pressurized- 
water reactor and test facility are being built 
in Idaho to learn how a reactor is affected by a 
sudden loss of coolant and the extent of any 
resulting radioactivity release. Phillips Pe- 
troleum Company is responsible for building 
and testing the LOFT blowdown facility; Kaiser 
Engineers, a Division of Henry J. Kaiser Co., 
is designing the LOFT facility. 

R. P. Rose (of Phillips) described the pro- 
posed five-phase test program: (1) containment 
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pressure and leak tests, (2) coolant blowdown 
tests with a dummy core, (3) low-power physics 
tests and power operation, (4) loss-of-coolant 
test, and (5) facility cleanup and posttest ex- 
amination. Rose pointed out that the many un- 
knowns associated with the blowdown program 
have suggested the need for a scale model to 
mock up the LOFT geometry before the full- 
scale tests. He discussed the scaling down of 
the LOFT physical dimensions for the proposed 
blowdown test facility, which would preserve 
the relative dimensions of the piping, vessel, 
and core rather than the time scale. As a re- 
sult the metastable fluid behavior during blow- 
down may be affected because linear three- 
dimensional scaling involves shortening of the 
time scale. 

J. S. Busch, W. D. Harrington, and S. Fabic 
(of Kaiser) discussed analyses that gave the 
system boundary conditions for transient con- 
tainment as well as for the primary-loop 
transients resulting from blowdown; general- 
ized digital-computer programs and subsequent 
parametric analyses were used. 

S. Esleak (of The Babcock & Wilcox Co.) 
discussed some of the more important prob- 
lems pertaining to a loss-of-coolant accident: 
(1) two-phase critical flow, (2) two-phase pres- 
sure drop, (3) dynamic effect in the core, and 
(4) coolant expansion and degree of separation 
in the reactor vessel. The bases of his discus- 
sion are available in a recent state-of-the-art 
report.!° 

Specific phenomena pertaining to the loss-of- 
coolant accident were discussed by J. A. Red- 
field, P. J. Moody, and H. Fauske. Redfield 
(of Bettis Atomic Power Division, Westinghouse 
Electric Corp.) presented a simplified model 
for fuel-element heat transfer during a loss- 
of-coolant accident which has been applied to 
the Zircaloy-clad oxide-rod fuel elements for 
LOFT. He concluded that more data are needed 
for transient heat transfer under conditions of 
rapidly failing pressure, rapidly rising coolant 
quality, and highly unsteady flow conditions. !"! 

Moody (of General Electric Company) dis- 
cussed an idealized model for estimating criti- 
cal flow rates and pressure drops for given 
vessel conditions and flow break geometry. 
Although this ideal-nozzle model agreed well 
with one previous test (for the Humboldt Bay 
nuclear power plant), it clearly overpredicted 
another test (for the Bodega Bay plant). An 
extension of the energy model to include fric- 
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tion losses yielded fair agreement with the 
recent data of Fauske.'” 

Fauske (of Argonne) evaluated existing mod- 
els for calculating maximum escape rates of 
reactor coolant. On the basis of recent mea- 
surements of voids at critical flow conditions, 
he concluded that previously formulated models 
(Fauske,'*? Levy,'°? and Moody!) are physi- 
cally incorrect and that their good predictions 
resulted from the high values of velocity ratios, 
which compensated for metastability effects. 
A new model was suggested, including both the 
effects of slip and metastability. 


Nomenclature 


A= area, sq ft 
Cp= heat capacity, Btu/(1b)(°F) 
D = test-section diameter, ft 
D,= diameter of bubble at departure 
g = local acceleration, ft/sec? 
g.= gravitational conversion factor, 32.16 lbmass- 
ft/sec?/lbforce 
G= mass velocity, lb/(hr)(sq ft) 
h= heat-transfer coefficient, Btu/(hr)(sq ft)(°F) 
= mechanical equivalent of heat = 778 ft-lb/Btu 
= thermal conductivity, Btu/(hr)(ft)(°F) 
L = length, ft 
NTU = number of transfer units = AU, (Cpw) min, 
= pressure, psi 
q’’ = heat flux, Btu/(hr)(sq ft) 
q. = critical heat flux, Btu/(hr)(sq ft) 
R= capacity-rate ratio = (Cp) pot fuid/ (Cp) cog fluid 
s = liquid-layer thickness, ft 
t = time, sec 
t = effective thickness of heater, ft 
T = temperature, °F 
U = overall heat-transfer coefficient, Btu/(hr)(sq 
ft)(°F) 
v = velocity, ft/sec 
w = weight rate of flow, lb/hr 
x = vapor weight fraction, lb vapor/1b fluid 
distance from inception of local boiling, mea- 
sured in the direction of flow, ft 
8B = contact angle, deg 
€ = heat-exchanger effectiveness, heat trans- 
ferred/maximum possible heat transfer 
= latent heat, Btu/lb 
viscosity, lb/(ft)(hr) 
density, lb/cu ft 
o = surface tension, Btu/sq ft = 778 x lb/ft 
® = two-phase flow multiplier 
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Subscripts 


av. = average 
b = bulk 
c = critical 
DNB = departure from nucleate boiling 
Jf = film conditions 
& = gas 
L = liquid 
S = saturation 
TP = two-phase 
v = vapor 
max, = maximum 
min. = minimum 
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Power Reactor Technology 





Effect of Hydriding 
on Zircaloy Properties 


By C. Roger Sutton 


Zirconium-base alloys and austenitic stainless 
steels have been the preferred materials for 
the cladding of water-cooled power-reactor 
fuel elements. In choosing between them, re- 
actor designers balance the lower cost and 
simpler fabrication of the stainless steels 
against the better neutronic efficiency of the 
zirconium alloys—thus the cladding for each 
reactor is selected on the basis of economic 
considerations. Today’s economic conditions 
often favor the use of Zircaloy. With the transi- 
tion to private ownership of fuel in the 1970’s, 
there is expected to be a still clearer economic 
advantage for zirconium alloys. Zircaloy-2, the 
reference zirconium-base alloy for the fuel 
cladding of water-cooled reactors for many 
years, has very good corrosion resistance and 
usually adequate mechanical and physical prop- 
erties. Nevertheless, anything that changes the 
properties of the cladding material can have a 
profound effect on the life and economics of the 
fuel. 


Occurrence of Hydride 


One factor affecting the life and properties 
of Zircaloy, and thus the economics of its use, 
is the formation of zirconium hydride. Investi- 
gations of failed Zircaloy-2 cladding on fuel 
rods has indicated that the presence of oriented 
zirconium hydride caused brittle failure.’ 
When the hydrides are oriented perpendicularly 
to the stress axis, both ductility and strength 
are decreased appreciably.’ Preferential ori- 
entation of the zirconium hydride platelets can 
be caused by strains during fabrication‘ or by 
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the application of stresses greater than some 
threshold intensity while the hydrides are pre- 
cipitating.*”* 


Sources of Hydride 


Zirconium-base alloys usually contain little 
hydrogen (10 to 25 ppm) of the melting and 
fabrication procedures as a result. When the 
alloys are exposed in oxidizing aqueous media, 
additional hydrogen is generated continuously 
by the reaction 


Zr + 2H,O — ZrO, + 4H 


In a system that is not degassed continuously, 
some of this hydrogen diffuses into the zir- 
conium alloy. Because the solubility® of hydro- 
gen in zirconium is very limited (see Fig. V-1), 
a second phase (ZrH;.;3) precipitates, usually 
in the form of platelets. The amount, size, 
distribution, and orientation of this precipitated 
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Fig. V-1 Zirconium—hydrogen phase diagram shows 
that solubility of hydrogenin zirconium increases with 
temperature up to about 1020°F , above which hydrides 
will not accumulate.® 
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phase may have a pronounced effect on the 
mechanical properties of the zirconium alloy. 


Factors Affecting Hydrogen Uptake 


Kirk’ predicts that 30 to 50% of the available 
corrosion-product hydrogen will be absorbed 
by Zircaloy-2 and Zircaloy-4. Other data®!? 
indicate that 50% is probably the high side of the 
range and that absorption may be as low as 
5%, depending on temperature, pressure, irra- 
diation field, and other factors. 

The dominant factors affecting the rate and 
amount of hydrogen uptake of available corro- 
sion-product hydrogen are: zirconium-alloy 
composition, temperature, characteristics of 
the oxide film, radiation field, and coolant 
chemistry. 


Alloy Composition. In discussing Zircaloy-2, 
nickel-free Zircaloy-2, and Zircaloy-4, Kass"! 
states that hydrogen absorption is enhanced by 
the presence of nickel in the alloy. He reports 
that nickel-free Zircaloy-2 and Zircaloy-4 are 
superior to Zircaloy-2 in less than or equal to 
680°F water because of their lower hydrogen 
pickup and decreased sensitivity to hydride 
failure but that above 750°F Zircaloy-2 has 
better oxidation resistance; beta quenching per- 
mits all three alloys to be used up to 850°F. 
Klepfer and Douglass’” demonstrated that zir- 
conium-base alloys containing copper and iron 
have less long-term hydrogen pickup than Zir- 
caloy-2 (Table V-1). Greenberg and Youngdahl? 
report the combined effect of alloying and heat- 
treatment on hydrogen uptake (Table V-2); they 
conclude that hydrogen absorption in a particu- 
lar alloy is primarily sensitive to exposure 
temperature and that a zirconium-base alloy 
containing 1.1% copper and 1.2% iron merits 
further study. Freer, Silvester, and Wanklyn!® 
show the effect of 1% copper on hydrogen up- 
take at 932°F (Figs. V-2 and V-3). Weinstein 
and Holtz'® determined the hydrogen pickup of 
various alloys in 680°F water and 750°F steam 
(Tables V-3 and V-4). 


Temperature. Greenberg and Youngdahl? 
show (Table V-2) that hydrogen absorption by 
zirconium alloys after long exposure to steam 
is relatively insensitive to heat-treatment and 
composition of the alloys but very sensitive to 
temperature at least above about 1000°F. The 
percentage of corrosion-product hydrogen ab- 
sorbed is much less at 1200°F than at 1000°F. 


Vol. 8, No. 4 


Table V-1 EFFECT OF TEMPERATURE ON 
LONG-TERM HYDRIDING OF THREE 
ZIRCONIUM ALLOYS*!2 











Hydride rate, 
107-2 mg/(dm?)(day) 
Alloy, at.% At 750°F At 930°F 
Zircaloy-2 1.8 41.6 
Zr—1 Nb—1 Cu-—0.3 Fe 1.4 4. 
Zr—1.1 Cu—0.3 Fe 0.068 6.1 





*In 1000-psi low-velocity flowing steam con- 
taining 20 ppm Oy, and 2.5 ppm Hy. Exposure 
time: rate data taken ‘‘posttransition,’’ 1000 to 
3000 hr. Specimens were fabricated from sponge 
by double consumable are melting, forged and 
hot rolled at 1450°F, water quenched, 20% cold 
rolled, and alpha annealed 8 hr at 1050°F. 


This result® is to be expected since zirconium 
hydride is unstable at temperatures above about 
1020°F (see Fig. V-1). 


Oxide Film. Gulbransen and Andrew" found 
that oxide films may inhibit the gaseous hy- 
driding of zirconium by factors of 1000 or 
more. Smith’® showed that the hydrogen pickup 
rate is inversely proportional to the ZrO, film 
thickness. Freer, Silvester, and Wanklyn" stud- 
ied hydrogen uptake during initial stages of 
corrosion in superheated steam at 930°F. They 
suggest that reactions at the steam—oxide film 
interface, rather than bulk oxide films, control 
hydrogen entry into the alloy. Figure V-4shows 
typical hydrogen uptakes’® in steam at 932°F. 


Irradiation. Exposure of zirconium alloys 
to irradiation conditions in a reactor can either 
increase or decrease hydrogen pickup. By con- 
tributing to a slow but steady buildup of oxide 
film on the surface of zirconium alloys (by 
means of radiolytically produced oxygen and 
activation of the surface), radiation can retard 
hydrogen pickup. MacDonald and Parry'® found 
that the ZrO, film on alpha-annealed Zircaloy-2 
fuel sheaths that had been irradiated 13,000 hr 
in less than or equal to 480°F pressurized 
water (the fuel was run at k dT = 40 watts/ 
cm until a burnup of 10,000 Mwd per metric ton 
of uranium was attained) was 2 to 3 um thicker 
than expected from out-of-reactor tests. This 
caused hydrogen pickup to be considerably less 
(3 to 20%) than the 50% pickup predicted by out- 
of-reactor tests. 

In general agreement with MacDonald and 
Parry,'® Burns and Maffei!’ state that a fast- 
neutron exposure of 0.3 to 8.2 x 102° neutrons/ 
cm’ increases greatly the average corrosion 
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Table V-2 


HOW COMPOSITION AND HEAT-TREATMENT OF ZIRCONIUM ALLOYS 


AND THE TIME AND TEMPERATURE OF THEIR EXPOSURE TO SUPERHEATED 
STEAM AFFECT THEIR ABSORPTION OF CORROSION-PRODUCT HYDROGEN? 





Exposure to 600-psi steam 








Weight H, concen- 

Alloy, wt.% Temperature, Time, gain, tration, Hydrogen 
heat-treatment* °F days mg/cm? ppm absorbed, % 
Zr—3 Ni—0.5 Fe (initially contained 20 ppm Hp) 

As cast 1000 35 0.8 80 93 

As cast 1000 97 1.8 119 56 
Zr—3.1 Ni-—0.6 Fe (initially contained 22 ppm Hy) 

As hot rolled 1000 l | Be 166 45 

As hot rolled 1000 7 Eg 203 41 

H,Q,A 1000 108 5.30 666 55 

H,Q,A 1200 88 9.38 348 14 

H, Q 1200 88 9.19 330 14 

H,.C, .@, € 1000 108 6.88 1451 61 

HC, @, CC, A 1000 108 7.51 1320 53 
Zr—2.1 Ni—0.6 Fe (initially contained 16 ppm Hy) 

As hot rolled 1000 117 8.63 1208 67 

H, Q, A 1000 108 6.58 875 62 

H,'C 1000 117 9.69 1518 63 

H, C, Q,C 1000 108 7.68 868 40 

H,C, QC, A 1000 108 7.22 940 43 
Zr—1.1 Cu—0.7 Fe (initially contained 22 ppm H,) 

H, Q, A 1000 108 9.81 980 46 

H, C, Q, C 1000 108 10.8 1175 41 
Zr—0.5 Cu—1.0 Fe (initially contained 18 ppm H,) 

H,Q,A 1000 108 6.21 641 47 

H, ¢c, Q; ¢ 1000 108 4.80 356 25 

H,C,Q,A 1000 108 7.25 1080 62 
Zr—1.1 Cu—1,2 Fe (initially contained 21 ppm Hp) 

As hot rolled 1000 l 0.60 30 7 

As hot rolled 1000 7 1.20 38 8 

H,Q,A 1000 108 6.90 716 44 

H,Q,A 1200 88 8.53 131 5.5 

H, Q 1200 88 8.30 90 3.6 

H,¢c,@ 1000 108 6.71 583 32 

H,C,Q,A 1000 108 7.42 932 49 
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*H = hot rolled; Q = quenched from 1650°F; A = aged for 1 hr at 1290°F, then air cooled in 


capsule; C = cold rolled with <20% reduction. 
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Fig. V-2 Hydrogen uptake of crystal-bar zirconium 
in 932°F steam of atmospheric pressure.’ 


rates of Zircaloy-2 in 540°F water having pH = 
10, but that the fraction of corrosion—hydrogen 
pickup remains in the low part of the range 
normally found in the absence of radiation. 


They note that the corrosion proceeds at a 
nearly uniform rate above an as-yet-undeter- 
mined threshold flux rate. 

On the other hand, under coolant flow and 
temperature conditions that erode the oxide 
film or encourage hydride pickup, the surface 
activation and hydrogen produced by irradiation 
can cause more total hydrogen to be picked up. 
Tobin'® shows in Fig. V-5 that Zircaloy-2 at 
540°F in a reactor loop picks up markedly 
more hydrogen than it does in an out-of-reactor 
loop at the same temperature; but he states 
that percentage uptake in the reactor is on the 
low side of the out-of-reactor results. 

Water dissociates radiolytically. The amount 
and types of net steady-state dissociation prod- 
ucts depend on at least two reactions: (1) a 
forward reaction that depends primarily on the 
intensity and type of radiation and (2) a back 
reaction that depends on temperature, the con- 
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centration of decomposition products, the type 
and intensity of radiation, the type and concen- 
tration of impurities in the water, and possibly 
on catalytic effects of materials in the immedi- 
ate zone of dissociation. 
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Coolant Chemistry. Dalgaard’® states that 
zirconium —2.5% niobiuni alloys, with or without 
0.5% copper, are very sensitive to LiOH in 
water of PH = 10; he also reports that small 
concentrations of oxygen or oxidizing agents in 


In high-temperature pressurized-water re- water or steam may depress hydrogen uptake 





actors, the net dissociation is very low. It is genet. 

probable that the only hydrogen available to 

react with the zirconium alloy is the small 

residual amount from reaction of equilibrium - e-tieaik ate: 
oxygen w:th metallic surfaces. s0|_ Ag,Au,Pt binary alloys 
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Fig. V-3 Hydrogen uptake of zirconium—1% copper 


Fig. V-4 Hydrogen-uptake ranges of zirconium al- 
alloy in 932°F steam of atmospheric pressure.” 


loys in 932°F steam.’ 


Table V-3 HYDROGEN PICKUP AND TENSILE STRENGTH OF ZIRCONIUM 
ALLOYS IN 680°F WATER FOR 200 DAYS*8 





Hydrogen pickup Ultimate tensile 








Composition, Weight gain, Total H,, ‘Pickup, strength (at 680°F), 
wt.% mg/dm? ppm % psi 

Zircaloy-2 68.47 183 46 27,800 
Zr-—1 Cr—0.25 Te 35.79 54 15 32,800 
Zr-—1 Sb—0.5 Nb 68.59 63 12 

Zr—1 Sb—0.25 Te 49.66 62 iy 30,300 
Zr-—1 Sb—0.25 Ge 52.85 38 8 32,700 
Zr—0.5 Sn—0.25 Ge 36.98 51 18 25,100 
Zr-—0.5 Sn—0.25 Te 42.84 55 18 30,200 
Zr-—0.5 Nb—0.25 Te 46.88 65 22 30,700 





Table V-4 HYDROGEN PICKUP AND TENSILE STRENGTH OF ZIRCONIUM 
ALLOYS IN 750°F STEAM FOR 125 DAYS! 





Hydrogen pickup Ultimate tensile 








Composition, Weight gain, Total Hp, Pickup, strength (at 750°F), 
wt.% mg/dm? ppm % psi 
Zircaloy-2 87.96 256 50 26,500 
Zr-1 Fe-—0.25 Cr 51.81 126 55 24,800 
Zr-—1 Fe-—0.25 Te 68.84 204 vl 22,300 
Zr-—1 Fe—0.5 Nb 88.60 212 58 30,200 
Zr-—1 V-1 Fe 72.00 163 50 31,800 
Zr-—3 Cr-1 Fe 65.43 158 50 30,000 
Zr—3 Cr—0.25 Te 67.03 141 43 32,700 
Zr—0.5 Nb—0.25 Cr 97.47 79 13 27,900 
Zr-0.5 Nb-—0.25 Te 66.95 94 30 27,200 
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Fig. V-5 Much more total hydrogen is picked up by 
Zircaloy-2 in a reactor loop with 540°F water than in 
an out-of-reactor loop with same-temperature water. 48 


How Hydrides Affect Properties 


The major effect of adversely oriented hy- 
drides is to decrease ductility,’ but tensile 
strength’” and stress-rupture life?! also might 
be reduced. From Studies of the effect of irra- 
diation on Zircaloy-2 containing 0 to 200 ppm 
H, and zirconium—2.5% niobium containing 0 
to 300 ppm H,, Sawatzky”* concludes that hydro- 
gen has little effect on tensile strength at 77 to 
832°F. He also found that hydrogen decreased 
the ductility of both alloys, but the effect was 
less than that of irradiation to 107! neutrons/cm? 
(E> 500 ev) at 536°F. Sawatzky also noted that 
deuterium and hydrogen have the same effect 
on the impact strength of Zircaloy-2 on an 
atom-for-atom basis. 

By means of drop-weight tests on unirradi- 
ated pressurized tubes, Farrow and Watkins”? 
found that 20%-cold-worked Zircaloy-2 contain- 
ing less than 100 ppm H, does not support crack 
propagation at room temperature, but that 
tubes having 200 ppm H, exhibit crack propa- 
gation below 250°F. Standard drop-weight tests 
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on the same material indicated a ductile— 
brittle transition temperature of 230°F; Zir- 
caloy-2 with as much as 800 ppm H, hasa 
ductile—brittle transition temperature less than 
445°F, which is well below the operating tem- 
peratures of power reactors. 

Babyak, Bourgeois, and Salvaggio® show that 
increased hydrogen content causes little loss 
of necking strain in Zircaloy-2 at 500°F. They 
also note that beta-quenched Zircaloy-2 with 
uniformly distributed hydrides shows greater 
necking strain than material to which no hydro- 
gen has been added. At room temperature the 
necking strain of alpha-annealed Zircaloy-2 
containing 500 ppm H, is about half the initial 
(low hydrogen) value, regardless of morphology, 
but beta-quenched material with uniformly dis- 
tributed hydrides shows little effect. Samples 
containing 200 to 300 ppm H, in the form of 
grain-boundary hydrides show a decrease to 
only 1 te 2% strain. 


Causes and Control of Orientation 


Data presented by Burton’ and by Mehan and 
Wiesinger” indicate (1) little if any effect of 
hydrogen content (up to at least 500 ppm) on 
the tensile strength of annealed Zircaloy-2 
from room temperature to 600°F and (2) no 
effect on ductility above about 300°F. But if the 
hydride is situated in the grain boundaries or, 
particularly, if the hydride platelets are pref- 
erentially oriented in a direction perpendicular 
to the stress direction, brittleness develops.° 

Marshall and Louthan® also report that, like 
the effect prior strain has on hydride orienta- 
tion, stress applied during hydride precipitation 
causes the hydride platelets to orient pref- 
erentially—and, when the treatment produces 
hydrides oriented perpendicularly to the stress 
axis, both strength and ductility decrease sig- 
nificantly. 

Marshall and Louthan® also observe that un- 
favorable orientation can be corrected by apply- 
ing stress (in a direction perpendicular to the 
platelets) during hydride precipitation (precipi- 
tation occurs when the material is cooled be- 
low the hydrogen solubility temperature or 
during the longer times while the alloy is ab- 
sorbing more than a soluble amount of hydro- 
gen); the amount of stress needed depends on 
fabrication history. Although Louthan and Mar- 
shall found that for highly susceptible material 
the minimum transverse stress to change hy- 
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dride orientation may be as low as 6000 psi, 
Wootton’ shows that a stress of 16,000 psi 
appears to be somewhat below that required. 
But both investigators agreed that hydrides 
oriented parallel to the applied stress are un- 
affected by as much as 16,000 psi. Parry and 
Evans‘ found that the hydride precipitated par- 
allel to the direction in which grains are de- 
formed and that a minimum strain of 7% is 
required to produce directionality. 


Significance 


From the data described it can be concluded 
that reactor designers can avoid or alleviate 
the problems of hydride-induced brittleness and 
loss of strength in Zircaloy: (1) by selecting 
alloys and the surface films and water condi- 
tions that reduce hydrogen absorption, (2) by 
choosing operating temperatures that prevent 
hydride formation or accumulation, and (3) by 
designing components and specifying fabricating 
methods that cause any hydride platelets that 
do form to precipitate either inrandom orienta- 
tion or parallel to the principal operational 
stress. 


Slow Hydrogen Absorption. Much effort is 
being exerted to learn techniques to reduce the 
rate by which corrosion-induced hydrogen is 
absorbed by zirconium alloys. The fact that 
many reactor cores of pressurized- and boiling- 
water reactors have performed satisfactorily 
with Zircaloy-2 at about 600°F or less is 
prima facie evidence that either the reaction 
rate 


Zr + 2H,O — ZrO, + 4H 


is very slow below this temperature or that the 
diffusion rate of hydrogen through the existing 
oxide film is very low, or both. Above 600°F 
the amount of hydrides formed is, in many 
instances, sufficient to cause concern. The re- 
moval of nickel from Zircaloy-2 and other 
Slight modifications has resulted in an alloy 
designated as Zircaloy-4. It is slightly less 
corrosion resistant than Zircaloy-2, but it is 
substantially less susceptible to hydriding. Al- 
though other alloys, notably zirconium—2.5% 
niobium, have been proposed, they have not yet 
been specified for a reactor core. 

As noted by Burns and Maffei!’ and by Mac- 
Donald and Parry,’® neutron irradiation lowers 
the percentage uptake of hydrogen, thus tending 


Vol. 8, No. 4 


to offset any increased concentration of hydro- 
gen in the coolant resulting from possible in- 
creased in-reactor oxidation rate of the zir- 
conium alloy. Tobin'® showed higher total 
hydrogen uptake under irradiation owing to 
increased corrosion rates but stated that the 
percentage uptake is on the low side of the out- 
of-reactor results. 


Prevent Hydride Formation. Designers can 
select alloys and operating temperatures such 
that the solid solubility limit of hydrogen is not 
exceeded (so that zirconium hydride will not 
form and precipitate). In the intermediate- 
temperature range of interest for reactor appli- 
cation, moderate hydrogen pickup may not be 
deleterious because the solubility of hydrogen 
increases with temperature. For example, 
Fig. V-1 shows that, at 750°F, up to about 
250 ppm H, can be accommodated without hy- 
dride formation; at 1000°F about 800 ppm can 
be tolerated. The designer can take advantage 
of this phenomenon if the operational conditions 
maintain the zirconium alloy above the tem- 
perature corresponding to the predicted hydro- 
gen Saturation level. 

If the zirconium-alloy component operates 
at a temperature above that at which the zirco- 
nium hydride phase becomes unstable (~1020°F; 
see Fig. V-1), the hydride will accumulate 
Slowly, if at all. This is supported by Greenberg 
and Youngdahl,’ who report only a 5.5% uptake 
of corrosion-product hydrogen at 1200°F in 
out-of-reactor tests. However, the relief from 
hydride problems above about 1020°F is usually 
only of academic comfort because of oxygen 
embrittlement and loss of strength at such 
temperatures. 


Random or Parallel Orientation. The orien- 
tation of the precipitated zirconium hydride 
phase in either a completely random fashion 
or in preferred orientations related to the op- 
erational stress is the factor that most readily 
lends itself to control by the designer. Although 
the presence of hydrogen, per Se, in zirconium 
alloys has little effect on the metal properties, 
there is a pronounced deleterious effect if 
zirconium hydride precipitates as platelets 
either in the grain boundaries or preferentially 
oriented perpendicular to the principal stress. 
This behavior corresponds in many ways to the 
ductile —brittle transition in steel. 

In fully alpha-annealed or beta-quenched zir- 
conium alloys, the hydrides present at the 
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annealing or quenching temperature tend to 
precipitate randomly. However, slow cooling 
from these temperatures tends to cause the 
hydride platelets to accumulate in the grain 
boundaries, thus resulting in brittleness. If the 
metal is free of stress, corrosion-product 
hydrogen will form randomly oriented hydrides. 
However, when the metal is in a stressed con- 
dition, the hydrides precipitate preferentially in 
an orientation perpendicular to tensile stresses 
and parallel to compressive stresses; in fact, 
the preferential orientation can be changed by 
reversing the stress direction in service.° 
Hence it is important that the designer specify 
production and fabrication methods that yield 
optimum orientation of the hydride platelets. 
He also should design Zircaloy reactor in- 
ternals in a manner that ensures platelet orien- 
tation parallel to the principal stress axis 
during operation. 
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Letters to the Editor 


Boiling-Water Environment Not Necessarily 
Detrimental to Stainless-Steel Cladding 


In the letter by R.J. Allioin Power Reactor Technology,8(2), the successful application of stainless- 
steel cladding in pressurized-water reactors (PWR) is contrasted with the experience with such 
cladding reported from the Vallecitos Boiling Water Reactor (VBWR).! It is the purpose of this 
communication to review the statements in the reference letter concerning the differences between 
PWR and BWR cladding behavior and, further, to examine in some detail why the VBWR data are 
not applicable to BWR’s in general. 


1. System Pressure 


‘Higher pressure prevents or delays development of tensile stress.’’ The 12,000-psi compres- 
sive stress corresponds to an incremental strain of approximately 5 x 1074 in./in., which with UO,- 
fueled rods corresponds to an increase in allowable burnup of about 250 Mwd per metric ton of 
uranium, Since the PWR fuels cited exceeded the VBWR burnups by factors of 2 and 3, clearly the 
increased compression on the cladding due to the higher pressure cannot explain the difference in 
behavior. 

‘*Crack propagation cannot normally occur in the absence ofa tensile stress.’ Both tensile 
and compressive stresses lead to failure via cracking in cold-worked austenitic stainless steel 
even in oxygen- and chloride-free water.’ 


2. System Chemistry 


‘‘High oxygen concentrations have been shown in laboratory experiments to accelerate stress 
corrosion.’ This statement is erroneous unless qualified by the statement ‘‘in the liquid phase and 
in the presence of chloride ion.’’’ The concentration of oxygen in the vapor phase in BWR’s is im- 
material to this discussion and, depending upon the residence time of the coolant in the core, reac- 
tor power density, system pressure, etc., can be an order of magnitude smaller than the 20 to 40 
ppm cited. However, oxygen does not always act in a detrimental manner; some metals, including 
the austenitic stainless steels, form a highly impervious oxide film that provides resistance to 
further attack,’ and oxygen has been employed to passivate steels in high-temperature water.® 


3. Corrosion-Product Deposition 


System chemistry and corrosion-product deposition are inseparable aspects of intermeshing 
phenomena and system design philosophy and criteria. Hence such an arbitrary separation is inap- 
propriate to a technical discussion. The evidence indicates that corrosion-product deposition on 
stainless-steel claddings in both PWR’s and BWR’s has been negligible® and that only after relaxa- 
tion of water purification specifications did the VBWR exceed negligible deposition.’ Only in the 
Experimental Boiling Water Reactor (EBWR)® was scaling of fuel elements appreciable, and this 
was due to aluminum oxide formed in the core from the aluminum-—nickel alloy dummy fuel ele- 
ments, 

One could argue that the dynamic action of nucleate-boiling bubble formation, at the fuel- 
element surface in BWR’s, should ‘‘scour’’ the surface free of ‘‘crud’’; therefore the ‘‘crud bursts’’ 
and short-term high-coolant impurity levels encountered in PWR’s after thermal shocks should not 
occur in a BWR. 


252 
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4. Local Thermal Stresses 


The thermal fluctuations cited in the reference letter are based on measurements made under 
conditions (1) of atmospheric pool boiling, (2) of very low heat flux—to permit the study of individ- 
ual bubble histories, and (3) of specially prepared poorly nucleating surfaces — again to study the 
life cycles cf individual bubbles. The effect of pressure on boiling superheat (wall temperature minus 
saturation temperature) results in a decrease in required superheat, at equal heat fluxes, of factors 
of 3 for subcooled boiling,? and of 3.7 for bulk boiling;!9 thus the maximum magnitude of these fluc- 
tuations falls from the 30°F claimed to 8 to 10°F at 1000 psia. The effect of increasing heat flux at 
atmospheric pressure, according to the Eindhoven research,!! is to decrease the amplitude and in- 
crease the frequency of thermal fluctuations; therefore higher heat fluxes cause damping even at 
low pressure where the driving force is large. Fuel-element surfaces are characteristically ‘‘rough’’ 
by laboratory standards, providing numerous, randomly spaced and random-sized nucleating sites 
(the ‘‘small surface crevices or pits’’ of the reference letter as well as grain boundaries, discon- 
tinuities in the oxide layer, etc.). With numerous nucleating sites scattered randomly over a sur- 
face, the surface temperature in a representative region will be the result of summing the thermal 
fluctuations from the surrounding bubble generating sites, each of which is randomly producing 
bubbles at various stages in their life cycles. Thus ‘‘real’’ surfaces tend to damp both the severity 
(amplitude) and frequency of thermal fluctuations. 

In addition to these basic arguments, the measurements cited are inapplicable because they 
ignore the effect of coolant velocity on the bubbling layer adjacent to the heated surface, The large 
increase in frictional pressure drop with nucleate boiling is graphic evidence of increased shear 
in the bubble layer. A recent study!” confirms that bubbles migrate on the heated surface under the 
influence of coolant velocity. Therefore, during the life cycle of a bubble, it may not remain at the 
nucleation site, and that site, therefore, cannot experience the full thermal fluctuation proposed in 
the reference letter. 


VBWR Data Not Applicable to BWR’s in General 


We have discussed the points raised and have shown that the arguments against BWR’s are ques- 
tionable. It is appropriate, however, to examine why the VBWR fuel elements did fail and to show that 
the VBWR experience is atypical of BWR practice. The behavior of stainless steels in water-cooled 
nuclear reactor environments has been extensively studied. The results obtained to date may be 
conveniently summarized graphically! as shown in Fig. VI-1. Two regions may be defined: that 
below an exposure of approximately 102! neutrons/cm? and that beyond this level. In the first region 
the effects of water chemistry (corrosiveness of coolant), degree of cold-work initially imposed on 
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the metal, and stress imposed by the mechanical design all play an important role. This is the 
region in which all the VBWR failures lie. If a fuel-element design and the environment are both 
favorable, exposures in excess of 102! neutrons/cm? (>1 Mev) may readily be attained, as shown by 
the PWR experience cited. The history of the J-10 loop (ETR) pressure tube!4 shows that thermal 
cycling and stress, of themselves, do not cause failure. ; 

Despite the reported low level of chloride ion in the VBWR coolant, coolant chemistry control 
must have been grossly inadequate, since chemical analysis of the crud deposited on some VBWR 
elements revealed up to 4000 ppm chloride ion,‘ 17 This is not the whole story, however. Three 
classes of fuel cladding were irradiated in the VBWR: highly cold-worked, commercially annealed, 
and fully annealed, Although the VBWR personnel refer!® to the commercially annealed cladding as 
annealed, they had measured the residual stress level in this tubing at 10,000 to 20,000 psi. Com- 
mercial annealing consists of a 10-min exposure to 1800°F; full annealing requires at least an hour 
at 1800°F for 300-series steels.!? Both the cold-worked (residual stress of 10,000 to 40,000 psi) and 
commercially annealed tubing failed in the VBWR tests. However, a series of elements had been 
prepared by Nuclear Metals, Inc., by coextrusion ofthe UO, and type 304 stainless steel at tempera- 
ture high enough (>1800°F) to assure full annealing of the cladding; these were irradiated under the 
same environmental conditions as the other elements, and, although the density of the UO, was higher 
(97 vs. 95% of theoretical) and these elements had no gap between the UO, and steel, none failed,'**!" 
Thus we have evidence of the value of fully annealed cladding relative to the cold-worked varieties 
under irradiation, extending the out-of-pile experience previously reported.?? In addition, the high 
chloride-ion content of the crud testifies to the hostile coolant environment in the VBWR. The in- 
escapable conclusion is that the VBWR environment embrittled stainless-steel claddings causing 
intergranular and transgranular cracking. 

To show that high-quality coolant ensures satisfactory BWR cladding performance, consider the 
experience in the Elk River reactor. Although the strength of the cladding has been compromised by 
incorporation of 600 ppm boron (as burnable poison), exposures have exceeded levels at which 
similar elements (0.003-in. diametral gap and 95% theoretical density UO,) had failed in the VBWR 
without any failures. 

Thus the assertion that the boiling-water environment is necessarily detrimental to stainless- 
steel cladding cannot be substantiated. 


L. Bernath and B. W. Colston 
Atomics International 


Rebuttal: Boiling Water Is Detrimental 
to Stainless-Steel Cladding 


I commend Messrs, Bernath and Colston for their attempts to provide additional insight into the 
behavior of stainless-steel-clad fuel elements in water-reactor environments. However, the validity 
of my original position, to wit, that a boiling-water environment is detrimental to stainless-steel 
cladding, has recently been affirmed by other knowledgeable investigators.*!:22 Nevertheless, the 
reader may appreciate our identification of several fallacies Bernath and Colston attempt to pro- 
mulgate. 


1. System Pressure 


Both PWR and BWR stainless-steel-clad fuel elements are normally designed to have a 0,003 to 
0.006-in, diametral fuel-cladding gap. In such fuel elements the primary source of stress is fission- 
gas accumulation. Thus a simple calculation of fission-gas release as a function of burnup shows 
that an increase in external pressure of 1000 psi may permit even a ‘‘factor of 2 and 3’’ increase in 
burnup, assuming exposure to be limited by the attainment of a specific tensile stress. The Bernath 
and Colston calculation of 250 Mwd per metric ton of uranium may refer to a fuel swelling phenom- 
enon, which is not relevant to the fuel elements under discussion, 

Crack propagation normally occurs only when the resulting decrease in elastic strain energy is 
greater than the energy required to create new surface. Bernath and Colston have misinterpreted 
their Ref. 2, which does not provide evidence for ‘‘crack propagation in the absence of a tensile 
stress.’’ Nor does their Ref. 2 demonstrate that ‘‘compressive stresses lead to failure.’’ Explicit 
interpretation of the experimental results of their Ref, 2 is not possible because of the failure of 
the authors to define the actual stress state at the surface. Stress state in the specimens tested will 
be determined by the sum of residual stresses introduced by the heat-treatment and cold-hardening 
process, local mechanical stress caused by the roller separating the specimens, and the gross bend- 
ing load, Cracking kinetics will also be determined by strain energy of the specimen. Thus their 
Ref, 2 appears to demonstrate only that stainless steel can corrode intergranularly in high-tempera- 
ture water under certain conditions. 
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2. System Chemistry 


The presence of chloride was implicit in my observation that high oxygen concentration accel- 
erates stress corrosion, as shown, for example, by the work of Williams and Eckel.23 Moreover, the 
suggested qualification of ‘‘in the liquid phase’’ is unnecessary, as shown by the same research. 

I cannot possibly disagree with the contention that ‘‘oxygen does not always act in a detrimental 
manner.’’ Unfortunately the examples cited by Bernath and Colston deal with mass corrosion and 
are not germane to the matter of crack initiation and propagation. 

3. Corrosion-Product Deposition 

It is hardly sporting in a technical discussion to place heavy emphasis on evidence from privy 
sources, the validity of which cannot be verified by the reader (namely, Bernath and Colston Refs. 
6, 15, and 18). Corrosion-product deposition is apparently adjudged to be ‘‘negligible’’— by what 
standard, may I ask? 

Bernath and Colston may choose to argue that nucleate-boiling bubble formation scours the 
surface. I prefer to accept the experimental evidence”! that nucleate boiling in fact promotes crud 
formation. 


4. Local Thermal Stresses 


The thermal fluctuations measurements cited in my original letter were indeed performed at 
low heat flux and pressure. Although the magnitude of measured thermal fluctuations will diminish 
with increasing pressure, the finite mass and dimensions of the thermocouples result in a signifi- 
cant underestimate of the true thermal fluctuations at a point in the cladding surface. Furthermore, 
the implied generalization that increasing heat flux decreases the amplitude of thermal fluctuation 
is a gross simplification. In thermal transient phenomena the amplitude of thermal fluctuation is a 
complex function of not only heat flux but also thermal capacitance, thermal resistance, and source 
frequency. 

The study of the effect of coolant velocities quoted in their Ref, 12 was limited to low pressure, 
low heat flux, and large bubbles; whereas bubble migration under these conditions cannot be extrap- 
olated directly to behavior under PWR or BWR conditions. In any case, after the sudden growth of a 
bubble at a heat-transfer surface, liquid inertia will tend to pull the bubble away from the surface. 
The horizontal shear force associated with high coolant velocity will cut the bubble close to the sur- 
face, introducing cooler liquid. Collapse of the remaining bubble will still produce a large thermal 
fluctuation. 


VBWR Data 


The relevance of VBWR data to BWR’s in general has been confirmed,'s? as noted previously. 

Figure VI-1, showing decreases in total elongation of stainless steel with increasing neutron 
exposure (hardly a revelation), surely does not constitute a summary of the ‘‘behavior of stainless 
steels in water cooled nuclear reactor environments.’’ For that matter, total elongation is not even 
a suitable measure of cladding ductility. I suggest that the relevance of the figure to the Bernath and 
Colston mechanism for failure is obscure at best. 

The addition of boron to stainless steel does not compromise strength.” Fuel-element integrity 
in any event is not a unique function of cladding strength. Moreover, the exposure to date of Elk 
River fuel elements is insufficient to disprove the generalization that boiling-water environment is 
detrimental to stainless-steel cladding. 


R. J. Allio, Manager 
Materials and Processes Development 
Westinghouse Atomic Power Division 


Re-Rebuttal: Readers Can Decide Relevance 


We are faced with the onerous task of affirming the factual and rejecting the extraneous and 
misleading from Allio’s rebuttal. The difficulty arises from the fact that Allio’s original letter was 
propaganda and, as such, was a melange of fact and ‘‘smoke-screen’”’ against all BWR’s. 

Allio’s rebuttal, Refs. 21 and 22, in fact, confirm our position by stressing the importance of 
the coolant environment. Allio has extracted, out of context, one statement to support his position, 
namely, ‘‘Contrary to initial expectations, Type-304 stainless steel clad fuels have proven unsatis- 
factory for boiling water reactor service above peak exposures of 15,000 Mwd/tonne.’’ He fails to 
note, in the same sources, that ‘‘Type-304 stainless steel clad was found susceptible to intergranu- 
lar cracking in at least some water-reactor environments,’’ and he omits the table in Ref, 21, which 
shows that four BWR’s have been operated to between 7500 and 17,000 Mwd/metric ton exposures 
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and that these are continuing to perform satisfactorily. Allio prefers to cite the VBWR experience 
as typical, to the possible embarrassment of the GE-—San Jose people, who cannot fully defend 
themselves without admitting to a very cavalier treatment of the pertinent mechanical properties 
of the cladding as well as of coolant purity requirements, This may have been deliberate on the part 
of GE—at the initial of the VBWR tests, it was desired to show that no special care was required. 
It was precisely this situation that prompted us to cite the facts omitted by Allio and to present an 
objective assessment of the VBWR results. 


1. System Pressure 


Allio cites the existence of a 0.003- to 0.006-in. diametral gap between fuel and cladding to 
support his contention of the beneficial effects of increased system pressure. What he does not 
consider is that the cited gap exists only in the cold, as-fabricated condition; simple calculation of 
the differential expansions of UO, and stainless steel, at operating conditions, shows that at zero 
burnup this gap disappears and that as much as 0.1% strain may be imposed on the cladding. Thus 
fuel growth or swelling with increasing exposure is most pertinent to the discussion, refuting Allio’s 
opinion that it is not relevant. In fact, Allio’s coworkers agree (see page 320 of his Ref, 24) that 
dimensional stability of UO, (which determines the stress condition of the cladding with increasing 
burnup) is a function of such parameters as ‘‘burnup, heat rating, fuel density and grain size, and 
clad restraint.’’ 

As Allio points out, our original Ref. 2 was subject to interpretation. Obviously then, his state- 
ments that we have misinterpreted the reference are his opinion and are very much open to question. 
There is, however, significant merit to his further comments, namely, ‘‘Stress state in the speci- 
mens tested will be determined by the sum of residual stresses...’’ It was to summarize these ef- 
fects, plus the effect of water chemistry and irradiation, that we included our figure of ‘‘obscure”’ 
relevancy. 


2. System Chemistry 


Allio’s allegation that ‘‘the presence of chloride was implicit in my observation, etc.’’ cannot be 
accepted, as repeated reading of his original letter fails to substantiate any appreciation of the ef- 
fects of chloride ion. He glosses over his misconceptions relative to oxygen concentrations in BWR’s 
and implies that vapor-phase stress corrosion is observedunder high coolant purity conditions. 


3. Corrosion-Product Deposition 


Allio not only ignores the evidence we cited, but he also distorts the direct findings of his co- 
workers (his Ref, 24). The experimental evidence he cites is based on five out-of-pile tests at low 
bulk velocity and relatively low heat flux, in which ferrous hydroxide was injected to simulate in- 
reactor corrosion; the validity of this simulation is unsubstantiated. The results obtained are highly 
suspect since calculation of the density of the deposit (page 4.32 of Ref. 24) indicates a value of ap- 
proximately 0.5 g/cm’ rather than the customary one of approximately 3 g/cm’, a factor of 6 that 
cannot be explained. The results show (page 4.42 of Ref. 24) that when vigorous boiling occurred (the 
1000-psi test condition) the pressure dropacross the test section decreased, confirming a significant 
removal of deposited material (scouring action?). 


4. Local Thermal Stresses 


Allio persists in his belief in the existence of large local thermal stresses in boiling. To but- 
tress his case, he equates the ‘‘low heat flux and pressure”’ of the pool boiling data he cited [10,000 
to 30,000 Btu/(hr)(sq ft) and atmospheric pressure] with our Ref, 12, channel flow data [~100,000 
Btu/(hr)(sq ft) and 200 psi]; the ratio of liquid-to-vapor density in these two cases, which is a para- 
mount factor in bubble dynamics, differs by more than an order of magnitude, 1600 in the former 
and 124 in the latter. Allio insists on ‘‘sudden growth of a bubble at a heat transfer surface’’ while 
ignoring the effects of high coolant velocity to keep bubbles small and to move them along the 
surface during their growth cycle. Collapse ofthe bubble, which can only occur in subcooled nucleate 
boiling, may produce a ‘‘thermal fluctuation,’’ but such collapse occurs in the bulk of the fluid, not 
at the surface! 


VBWR Data 


The relevance of VBWR data to BWR’s in general and of our figure showing the total elongation 
of stainless steel with increasing neutron exposure is discussed in the second paragraph. 

We do wish to thank Mr, Allio for his one useful comment. We agree that the addition of boron 
to stainless steel does not compromise the strength. We inadvertently used the word ‘‘strength,’’ 
instead of ‘‘ductility.’’ The pertinence of ourcomment concerning the Elk River cladding is, however, 
substantiated in Allio’s Ref, 25. It is shown in this reference that irradiated boron stainless steel 
shows large (70 to 90%) decreases in elongation after irradiation with the degree of deterioration in- 
creasing with thermal-neutron exposure and concentration of boron. We are sure that Mr. Allio is 
also aware of the recent work in this field,2%27 
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An argument such as this can only deteriorate— my father can lick your father— to the point 
where even the interpretation of the same results can be disputed with vehemence. We suggest, 
therefore, that only the individual readers of our comments can decide relevance and that each will 
utilize the discussion to delve into the referenced material to the extent of his immediate interest. 

Again, we thank you for the opportunity, via publication of our letter, to present what we feel 
is a more objective interpretation of the VBWR results. 


L. Bernath and B. W. Colston 
Atomics International 


Editors’ Comment 


Inasmuch as the objectives of Power Reacior Technology are to call its reactor- 
designer readers’ attention to data of concern to them —and to venture interpretation and 
evaluation in the form of opinions as to the applicability of the data—we particularly 
welcome contributions from readers that either offer their original evaluations or 
interpretations that differ with those expressed in articles or letters in our issues. We 
believe the usefulness of our pages will be enhanced by expressions of differing opinions, 
which in turn will encourage our authors to venture and verify their interpretations more 
vigorously. As more data become available to substantiate or refute evaluations presented 
in our pages, we hope that readers will call them to our attention. In this light, we thank 
Messrs. Allio, Bernath, and Colston for their useful exchange and invite other readers to 
volunteer articles or communications on matters of mutual interest. 
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Vapor Traps Protect 
Liquid-Metal Systems 


By David H. Thompson 


Instruments and equipment in liquid-metal sys- 
tems are damaged if the liquid-metal vapor 
entrained in the inert cover gas condenses out 
on them. Vapor condensation also can plug gas 


their use and the need for improved technology 
for future reactors. Experience with traps for 
static systems also is discussed briefly in con- 
nection with fume traps for spent-reactor-fuel 
melt-refining furnaces. 


Trapping Principles 

Among the phenomena that have been studied 
for vapor traps are stagnation, impingement, 
condensation, adsorption, chemical reaction, 


fable VU-1 PRINCIPLES OF CONDENSING VAPOR TRAPS 


I'ype (and temperature) 
Configuration 
Maintenance of operation 
Examples 


ACCUMULATING CONDENSER (outlet gas cooler than vapor freezing temperature) 


Impingement — condensing type 


Cylinder filled with mesh, shot, or liquid Nak; trap is cooled by natural or forced 


convection 


Heated to remove accumulated Na when trap plugs 


or repluce trap internals 


EBR-1I, EBR-II, Fermi, SRE, Hallam, SCTI, FARET, SEFOR, 51G 


Stagnation— condensing type 


Lengths of relatively large diameter pipe 


Heated to remove accumulated Na when trap plugs 


STF, LAMPRE 


CONTINUOUSLY REFLUXING CONDENSER (outlet gas slightly hotter than vapor 


freezing temperature) 


Impingement — condensing type 


Cylinder filled with mesh, shot, and/or baffles 
After liquid metal agglomerates on trap surfaces, it runs off and is returned 


to system 


FRCTF, Pratt & Whitney research, ANL research 





supply, vent, or instrument lines. Traps that 
will prevent such damage or plugging are in- 
stalled in the gas circuits of liquid-metal sys- 
tems to remove the metal vapor. 

We will consider here the principles of such 
traps, early versions, the variety of types and 
ways they are used in reactors and other dy- 
namic systems, some recent developments, and 
conclusions and recommendations concerning 


and repulsion. Vapor traps now used indynamic 
systems depend on condensation to remove 
liquid-metal vapor from the flowing inert gas; 
stagnation and impingement also are involved 
in trap operation. Table VII-1 summarizes the 
features of such traps. 


In a condensing vapor trap, natural- or 
forced-convection cooling reduces the tempera- 
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ture of the inert gas passing through, which 
results in the metal vapor condensing on sur- 
faces within the trap. The amount of metal 
vapor that passes through such a vapor trap is 
a function of the vapor pressure of the liquid 
metal at the trap outlet temperature—and is 
extremely small if gas temperatures are kept 
near the metal freezing point. 


In impingement —condensing vapor traps, the 
extended surfaces formed by the mesh, shot, or 
baffles force the vapor-laden gas to follow a 
tortuous path, which promotes both heat trans- 
fer from the gas and condensation of the metal 
vapor. 


In stagnation—condensing vapor traps, the 
relatively large-diameter lengths of pipe lack 
the extended-surface inner packing or fill of 
the impingement—condensing vapor traps. They 
operate most satisfactorily in systems that 
have slow flows of relatively cool gas. 


Early Versions 


In early work with sodium and NaK experi- 
mental facilities, it was postulated that the rel- 
atively large amount of sodium and NaK en- 
trained in the gas was caused by the formation 
of a stable sodium or NaK aerosol that did not 
readily condense onto the surfaces over which 
it passed.' Another theory suggested that oxy- 
gen present with the inert gas reacted with the 
sodium vapor to form a stable aerosol of so- 
dium oxide. The conditions required for aerosol 
production and the nature of the aerosol itself 
still are not fully understood. However, ifaero- 
sol is present in the cover gas of liquid-metal 
systems, it apparently is not present in con- 
centrations large enough to influence vapor- 
trap effectiveness. 

Some attempts at vapor trapping included 
experiments with a copper-coil condenser, an 
electrostatic precipitator, and a NaK bubbler.! 
Gas flow through these devices ranged from 130 
to 1560 cu in./hr, and vapor was produced by 
passing purified argon over a 1500°F sodium 
pool. The room-temperature NaK bubbler op- 
erated effectively over the entire flow range 
(maximum velocity was ~1 ft/sec), but the con- 
denser (a 16-turn 2-in.-diameter coil of '/,-in. 
copper tubing maintained at 235°F in an oil 
bath) allowed vapor to pass at high gas flows. 
The electrostatic precipitator was the least ef- 
fective vapor trap for dynamic conditions, butit 
proved satisfactory under static conditions. In 
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work predating the Sodium Reactor Experi- 
ment (SRE), it was shown that the stainless- 
steel wool- or mesh-filled trap could be very 
effective,” but these experiments showed that 
effectiveness depends on gas temperatures and 
flows. 


Gas Systems, Trap Applications 


Much of the developmental effort on vapor 
traps has been directed toward a particular 
system or systems for individual reactor proj- 
ects. Thus most of the concepts, design details, 
and experience with them have not been reported 
in the literature. Because of the increasing 
need for dependable large fast reactor systems, 
it is worthwhile to describe in some detail the 
inert-gas blanket systems and vapor-trap in- 
stallations at a number of liquid-metal-cooled 
facilities. In this discussion no attempt is made 
to distinguish between aerosol and vapor or to 
define the exact nature of the trapping action, 
whether it be technically termed a filter, trap, 
or -condenser. 


EBR-I, EBR-II, FERMI 


These first-generation breeder reactors use 
metallic fuels and have reactor-coolant-outlet 
temperatures of less than 900°F. All three 
reactors have argon as the inert cover gas for 
the primary coolant system, and the gas-supply 
system of each was constructed with NaK- 
bubbler type purification units followed by a 
stainless-steel wool- or mesh-filled vapor trap. 
However, because the Experimental Breeder 
Reactor No. 2 (EBR-II) facility is supplied with 
relatively pure liquid argon, rather than bottled 
argon as originally proposed, the NaK-bubbler 
purifier has not been operated. At the Experi- 
mental Breeder Reactor No, 1 (EBR-I), the 
primary-system cover gas was continuously 
recirculated, whereas, at both EBR-II and the 
Enrico Fermi Fast Breeder Reactor, the cover- 
gas systems are operated on a demand type 
basis and provide for recovery and recircula- 
tion of the gas transferred from the primary 
vessel. 


EBR-I. Because EBR-I used Nak, which is 
liquid at room temperature, as both the pri- 
mary and secondary coolants, there was only a 
limited need for vapor traps. During operation 
a continuous downward flow of argon gas through 
the reactor top plate was maintained to retard 





Fall 1965 


upward diffusion and condensation of NaK vapor 
on the surfaces near the top of the vessel. The 
NaK vapor was removed from the recirculating 
argon primary cover gas by a centrifugal sep- 
arator and strainer near the inlet tothe parallel 
centrifugal blowers.® The strainer tank, approx- 
imately 2 ft in diameter and 4 fthigh, was fitted 
near the bottom with a perforated plate and was 
filled with steel wool. In operation the oxides 
and NaK liquid trapped in the strainer formed 
a semisolid mass that allowed little liquid to be 
withdrawn during draining attempts. When flow 
through the strainer became restricted, rapping 
the tank with a hammer was sufficient to restore 
free flow. This strainer fulfilled the EBR-I 
trapping requirements, without replacement, for 
the operation of all four cores. In addition to 
this strainer, asmall-diameter stainless-steel- 
mesh-filled trap was installed ahead of the pis- 
ton type positive-displacement depressurizing 
pump in the gas-transfer line. 


Fermi. In addition to the purification-unit 
vapor trap, Fermi has (1) a Dowtherm-cooled 
vapor trap in the gas-recirculating system, (2) 
a vapor trap in the line to the fission-product 
detector, and (3) lengths or coils of pipe used 
as vapor traps in the gas lines having slow 
flows, such as instrument lines. The Dowtherm- 
cooled vapor trap and other components of the 
recirculating gas system are located in the 
Fermi inert-gas building; gas is conveyed from 
the reactor building to the inert-gas building 
through a resistance-heated gas line in an 
underground tunnel. In the gas building the gas 
flows into a 500-cu ft vacuum tank, then to the 
Dowtherm-cooled vapor trap, which protects the 
compressors from liquid-metal entrainment. 

As shown in Fig. VII-1, this trap consists of 
a 26-in.-OD inner shell that is surrounded by a 
41.5-in.-OD outer shell charged with Dowtherm 
A as coolant.‘ The contacting surface of the 
vapor trap is increased by a 6-ft section of 
stainless-steel wool enclosed between perfo- 
rated baffle plates. Downstream from the vapor 
trap is a cyclone separator, followed by three 
gaS compressors in parallel. Although the line 
downstream from the vapor trap is not equipped 
with a sampling means to check trap effective- 
ness, there has been no evidence of sodium 
reaching the compressor diaphragms, which are 
changed periodically. 


The EBR-II primary-gas system, like that of 
Fermi, operates on a demand type basis, with 
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Fig. VII-1 Fermi vapor trap in gas recirculation 
system bubbles argon through NaK and passes it 
through stainless-steel wool; water-cooled Dowtherm 
in annulus cools trap and gas.4 


the primary-tank argon pressure controlled by 
a floating-head tank. When gas volume changes 
because of temperature fluctuations, the floating 
head in the tank moves to maintain the cover- 
gas pressure constant. 

Figure VII-2 shows the two stainless-steel- 
mesh-filled vapor or aerosol traps in the EBR- 
II argon cover-gas system.” These traps are not 
equipped with heaters, and therefore, if plugging 
occurs, the gas flow can be rerouted through a 
bypass line to keep the system operative while 
the traps or their mesh are replaced. Gas dis- 
charged from the primary tank passes up 
through a cleanout or access flange, then 
through the small vapor trap, through a silicone- 
oil-cooled heat exchanger that cools the argon 
to 150°F; then it passes through the large vapor 
trap and on to the floating-head tank. If the 
volume change exceeds the capacity of the 
floating-head tank, one of the two parallel 
blowers pumps gas into the argon receiver tank 
for future use (the second blower is a standby 
unit). 

The traps see little flow except when the sys- 
tem is purged. When the primary tank was 
purged with the system still at approximately 
700°F, the small vapor trap became plugged. 
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Fig. VII-2. EBR-II vapor or aerosol traps for primary-system argon are packed with stainless- 
steel mesh; heat exchanger in circuit between the traps cools the gas.® 


When the operators removed the two-piece mesh 
packing through the flanged upper end of this 
vapor trap, they found that the lower section of 
mesh was plugged for approximately 1 in. from 
the mesh surface near the inlet nozzle, but the 
remainder of the mesh packing was relatively 
free of accumulated sodium. Although the oper- 
ators removed the plugged-mesh piece and left 
only the upper piece of mesh in place, the trap 
has worked satisfactorily since. 


The EBR-II fueling machine is cooled by an 
argon system, most of whose components are in 
an area depressed beneath the main operating 
floor. This argon system, which is separate 
from the reactor cover-gas system, includes 


two turbine type blowers, a multiple-tube 
natural-convection argon-to-air heat exchanger, 
a stainless-steel-mesh-filled vapor trap, and 
two molecular sieves in parallel. The vapor 
trap and molecular sieves, which are beds of 
crystalline sodium aluminosilicate pellets, re- 
move vapor and fission-product gases from the 
argon drawn from the reactor vessel into the 
system piping during fuel-handling operations. 
As shown in Fig. VII-3, mounted on the 
fueling-machine carriage are another lead- 
shielded vapor trap and molecular sieve, simi- 
lar to the units in the argon system, for treat- 
ing argon that is drawn directly into the fueling 
machine. Subassembly-heated argon (210 to 
450°F) from the fueling machine passes through 
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Fig. VII-3 EBR-II fueling machine has shielded vapor trap and molecular sieve to remove vapor 
and fission-product gases from argon drawn directly into machine.* 


a 200-in.-long flexible hose to the heat ex- 
changer, is cooled to approximately 100°F, and 
then enters the main turbine type blower (the 
smaller blower serves as a Standby unit). 


The vapor trap on the fueling machine has 
partially plugged once. Inspection revealed that 
the stainless-steel mesh had not plugged, but 
the lower opening of the gas-inlet tube had be- 
come blocked by sodium that had condensed 
onto the trap cold internal surfaces beneath the 
mesh, 


The vapor trap in the depressed area also 
has plugged once. Operation was restored by 
removing the flanged outlet end of this horizon- 
tally installed trap and replacing the stainless- 
steel-mesh packing. When one of the turbine 
type blowers was disassembled recently to cor- 
rect a manufacturing error, a fine white powder 
was seen in the piping and blower. This sub- 
stance has not been analyzed, but its talcum- 
powder texture indicates that it is probably 


powder from the pellets in the molecular sieves 
and not sodium oxide. 


Fission-Gas Monitor. When difficulty was ex- 
perienced in obtaining vaper- and aerosol-free 
gas samples for the EBR~iI fission-gas monitor 
that detects fuel-cladding failures, an 8-in.- 
diameter vapor trap containing a 4-in. thickness 
of stainless-steel mesh was installed in the gas 
line to the monitor and has operated satisfac- 
torily. Argon enters this trap at 230°F and 
leaves at ambient temperature; gas flow is less 
than 200 cm*/sec. 


SRE, HALLAM, FARET, SCTI 


These facilities can operate at temperatures 
up to 1200°F, where the vapor pressure is ap- 
proximately 20 times greater than at 900°F. 
This is reflected in a wider use of vapor traps 
at these facilities than at EBR-I, EBR-Il, or 
Fermi. 
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Hallam. Approximately 10 vapor traps are 
used in the primary and secondary sodium sys- 
tems of the Hallam Nuclear Power Facility. As 
shown in Fig. VII-4, these traps are con- 
structed with a 10-in.-diameter pipe within a 
12-in. pipe fitted with pipe caps; vapor-laden 
gas enters the annular region and flows hori- 
zontally through the mesh, reverses direction, 
passes through the interior cylindrical volume, 
then exits through the outlet nozzle. These traps 
are equipped with heaters to melt the accu- 
mulated sodium when plugging occurs or when 
the rising pressure drop across the vapor trap 
indicates that the trap is becoming plugged. 


Wire mesh (12-15 1b/cu ft) 








Fig. VII-4 Hallam vapor traps pass vapor horizon- 
tally through stainless-steel mesh in annular region, 
then through interior cylindrical volume; cooling is 
by natural convection. Heaters melt sodium when 
plugging occurs.§»” 


The criterion for designing the Hallam vapor 
traps was to provide sufficient heat capacity 
and heat-transfer surface in the trap that the 
heat from the gas passing through the trap 
could be absorbed and dissipated rapidly enough 
to cool the gas below the melting point of so- 
dium, Summary evaluation of the Hallam traps® 
indicates that “Operation of the vapor traps, 
installed in the system to prevent sodium vapor 
from entering and clogging the helium lines, has 
been satisfactory except at high reactor venting 
rates, such as when control-rod thimble leaks 
developed. Trap design and efficiency should 
provide many years of satisfactory maintenance- 
free service, but consideration should be given 
to the installation of more heaters.” 

The vapor trap in the reactor vent line 
plugged about four times during Hallam opera- 
tion.’ To unplug the trap, personnel entered the 
primary-system pipe gallery to insulate the 
plugged trap, which then was heated until suffi- 
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cient sodium melted and drained to restore 
proper operation. The melted sodium drained 
directly into the liquid-metal system through 
the trap inlet nozzle, Although the plugging oc- 
curred during changes in reactor-operating 
conditions, no reactor shutdowns were caused 
specifically by the plugging of a vapor trap. If 
it had been necessary to shut down the reactor 
specifically to unplug the vent-line trap, an ap- 
proximately 10-day waiting period would have 
been required for the radioactivity of the sodium 
in the primary pipes to decay enough for per- 
sonnel to enter the gallery. 


SRE. Atomic International’s SRE at Santa 
Susana has mesh-filled vapor traps (one in the 
primary system, two in the secondary). Al- 
though SRE has operated without the trap be- 
coming plugged, when the reactor vent line was 
removed for system modifications, it was dis- 
covered that approximately two-thirds of the 
cross-sectional area within the vent pipe was 
blocked with sodium, Nevertheless, the original 
mesh-filled vapor trap in the SRE primary 
system has been retained in modifications made 
recently to improve plant reliability and to 
permit reactor power to be increased from 20 
to 30 Mw, with reactor-coolant temperature® 
raised from 960 to 1200°F. 


SCTI. The vapor traps for the Sodium Com- 
ponents Test Installation (SCTI) at Atomic In- 
ternational’s Santa Susana site differ from those 
at Hallam because of uncertainty concerning 
the flow rates through the SCTI gas system.? 
The cylindrical SCTI vapor traps are 6 in. in 
diameter and 3 to 4 ft high. Installed vertically, 
they are filled with '/-in.-diameter steel shot 
to increase the heat capacity. 


FARET. Vapor traps in the Argonne’s Fast 
Reactor Test Facility will be of the annular 
design, similar to the Hallam traps, but the gas 
flow will be reversed so as to uSe the quiescent 
central volume of the trap as a refluxing con- 
denser before the vapor-laden gas passes 
through the annular mesh. The design objective 
is to cool the outlet gas below 200°F regardless 
of whether the gas system has a slow flow of 
hot gas (to satisfy normal “breathing” require- 
ments) or a fast flow of cool gas (such as during 
purging). As shown in Fig. VII-5, these traps 
will be installed with the longitudinal axis in- 
clined 10° from the horizontal to facilitate 
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draining; they will be covered with 1-in.-thick 
insulation. 

FARET vapor traps will be located in the 
argon supply and vent lines for the main sec- 
ondary sodium system, auxiliary secondary 
sodium system, wet-fuel-storage tank, Nak 
drain tank, wet-fuel cooling system, and reac- 
tor-annulus drain tank—as well as on the 
argon supply line for the main primary sodium 
system and on the vent of the drain tank in the 
primary sodium system, 


304S.S. wire mesh 





Fig. VU-5 FARET vapor traps, like those at Hal- 
lam, will be of annular design, but argon will flow 
first through quiescent central zone (which will serve 
as a vefluxing condenser) before passing through 
mesh-filled annulus; 10° inclination will facilitate 


draining sodium.?° 


The coolant-gas-system equipment for the 
FARET fuel-handling machine, including the 
compressors, filters, vapor trap, heat ex- 
changers, and argon supply tank, will be lo- 
cated in the transfer tunnel beneath the oper- 
ating floor of the primary-containment cell and 
will be connected to the carriage of the fuel- 
handling machine by flexible metal hoses ap- 
proximately 50 ft long.’? For this system the 
functions of vapor trap and heat exchanger will 
be combined in a single unit that has an am- 
monia evaporative coil immersed in NaK main- 
tained at 40°F; it is designed for gas flows of 
up to 60 cfm. 


STF, LAMPRE, FRCTF 


Los Alamos Scientific Laboratory has had 
notable success uSing stagnation type vapor 
traps on its 2-Mw Sodium Test Facility and the 
Los Alamos Molten Plutonium Reactor Ex- 
periment.'' These facilities are relatively 
small, tight systems that do not require high 
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gas flows and in which the gas is drawn from 
system locations where the sodium tempera- 
tures are relatively low. In general, the stag- 
nation type vapor traps are pipes 4 to 5 ft long 
and greater than or equal to 3 in. in diameter 
that connect the liquid-metal system with 
smaller diameter gas piping. The traps are 
equipped with heaters to clear accumulated 
sodium when necessary. 

The gas system of the Los Alamos Fast Re- 
actor Core Test Facility is designed to recir- 
culate the primary-system cover gas continu- 
ously. For this higher gas-flow system, it is 
planned to use continuously refluxing impinge- 
ment type vapor traps.” Each of these reflux 
condensers will consist of a l-in. pipe whose 
30-in. length will be filled with '4-in.-diameter 
stainless-steel balls. In the annulus between 
this l-in. central pipe and an outer 2-in. pipe 
will be NaK that is cooled by air or water to 
maintain the outlet gas at approximately 300°F. 
SEFOR 

Vapor traps for the Southwest Experimental 
Fast Oxide Reactor, being designed by the 
General Electric Company for construction in 
Arkansas, will be 2- to 8-in.-diameter pipe sec- 
tions that are packed with stainless-steel mesh 
for lengths'® of approximately 18 in. These 
configurations, which were chosen as the re- 
sult of General Electric experience with sodium 
loops and with the prototype power plant for 
the nuclear submarine Seawolf, are sized to 
maintain gas velocity less than 1 ft/sec. Al- 
though the larger traps will be equipped with 
heaters, sufficient heat is expected to be trans- 
ferred through the short lengths of pipe be- 
tween the vapor sources and the smaller vapor 
traps that heaters will not be required on these 
units. 


LARGE TREAT SODIUM LOOP 


The large sodium loop in the Transient Re- 
actor Test Facility, located at the National 
Reactor Testing Station in Idaho, will be used 
to test unirradiated and preirradiated fast re- 
actor fuels to failure under variable coolant 
temperature and flow conditions. 

Possible contamination will be localized dur- 
ing fuel tests by operation of the loop ona 
once-through mode—sodium coolant will flow 
from a storage vessel through the test section 
and then to a dump vessel. A vapor-trapping 
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demister, molecular sieve, and liquid-nitrogen- 
cooled charcoal trap in the gas system remove 
gaseous fission products and entrained sodium 
or sodium vapor from the helium cover gas 
transferred between vessels during the once- 
through flow. The demister is constructed of a 
12-in. length of 4-in.-diameter pipe fitted with 
knitted stainless-steel wire mesh having a bulk 
density of 20 lb/cu ft; the molecular sieve is a 
9-in.-deep bed of '/-in.-diameter sodium alu- 
minosilicate (Linde 4A) pellets in an 8.5-in.- 
diameter container. Neither the demister nor 
the molecular sieve has heating or cooling pro- 
visions but are valved and flanged for replace- 
ment when necessary. Gas transfer through the 
system may reach 20 cfm at temperatures up 
to 900°F but will be sustained for a duration of 
only several minutes. 


MELT-REFINING FURNACES 


In conjunction with the development of the 
melt-refining process for purifying discharged 
EBR-II fuel, screening tests were conducted to 
determine the capability of various materials 
to trap alkali-metal vapors" as hot as 1470°F. 
Although the application was to statically trap 
sodium vapors and other condensible volatiles 
released by the melt-refining process, the 
materials were tested in a dynamic system. 
Argon gas was bubbled through a vaporizer 
containing a shallow pool of alkali metal and 
then through the bed material until break- 
through occurred; breakthrough was detected 
by white oxide fumes formed when the un- 
trapped metal vapor reacted with oxygen at the 
end of the bed. The tests indicated that simple 
condensation alone is ineffective for retaining 
vaporized sodium but that nearly all surface- 
active materials, such as molecular sieves, 
activated carbon, and activated alumina, were 
effective. 

Although molecular-sieve beds initially were 
used as fume traps for the EBR-II fuel melt- 
refining furnaces, their maintenance in a re- 
motely operated plant would require additional 
handling equipinent. Thus a simpler disposable 
fume trap was sought. Tests of an absorber 
type trap consisting of a molded, porous Fiber- 
frax (aluminum silicate ceramic fiber) cup 
showed it to retain sodium vapors quite ef- 
fectively.'5.16 This trap works on the principle 
of absorption and chemical reaction of the 
sodium with the trap surface; the reacted layer 
can be seen in Fig. VII-6. 





Fig. VII-6 Melt-refining-process development work 
for veprocessing spent EBR-II fuel showed that a 
porous Fiberfrax molded cup effectively traps sodium 
vapor by absorption and chemical reaction. 


Recent Developments 


Recent research on vapor traps has been 
reported by Pratt & Whitney (CANEL) and by 
Argonne National Laboratory (ANL), with both 
efforts directed toward developing continuously 
refluxing vapor traps. 


P&W. The lack of suitable design criteria 
can be seen in recent developmental work on 
vapor traps that was being conducted for the 
Lithium Cooled Reactor Experiment (LCRE).!" 8 
Gas-system tolerances were to be defined as a 
result of long-term system testing, but, un- 
fortunately, this work ceased when the LCRE 
project was terminated. 

Four separate operating regimes had been 
defined for the LCRE vapor-trap tests: (1) 
1000°F lithium vapor in 60 to 100 cu ft of he- 
lium per hour, (2) 120 to 1000°F lithium vapor 
in approximately static helium, (3) 700 to 
1000°F NaK vapor in 30 to 50 cu ft of helium 
per hour, and (4) 100 to 300°F NaK vapor in 
approximately static helium. Air- or nitrogen- 
cooled traps were being developed to prevent 
more than an arbitrarily chosen 2-ppm (by 
weight) vapor carry-over; screening tests were 
made on a number of vapor-trap designs, in- 
cluding shell-and-tube heat exchanger, baffle, 
continuous-refluxing bubbler, mesh-packed, and 
helical-fin types. Most promising of these was 
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the continuous-helical-fin type vapor trap. Thus 
five helical-fin vapor traps were fabricated for 
tests to determine how helix pitch ('/, to * in.) 
and fin-surface slope affect trap performance; 
Fig. VII-7 describes their geometries. These 
lithium tests showed the trap with 'j-in. pitch 
to be the most efficient: approximately 80% for 
1000°F lithium and approximately 99% for 
1000°F NaK; Fig. VII-8 shows this trap. Figures 
VII-9 and VII-10 show the transparent housing 
for visually observing condensation in the 
helical-fin vapor traps and the tendency of the 
condensed liquid metal to agglomerate before 
draining back to the vapor source. 

Stringent gas-purity requirements for the 
LCRE were to be met by the use of various 
settling, impingement, and filter devices down- 
stream and in series with the ',-in.-pitch 
helical-fin trap. Mesh-filled settling chambers 
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Fig. VI-7 When LCRE vapor-trap screening tests 
indicated that continuous-helical-fin type refluxing 
trap promises best efficiency, five such traps were 
built to test effect of helix pitch and fin slope. Fins 
of one trap were conical and on '/-in. uniform pitch. 
Flat fins on each of other three were uniform 4/, ‘/, 
and */,in.; Fig. VII-9 shows the fifth trap, whose flat 
fins had nonuniform pitch.® 
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Fig. VIUI-8 Most efficient of the vapor traps tested 
by Pratt & Whitney for LCRE lithium vapor in helium 
was helical-flat-fin type trap having '/-in. uniform 
pitch.’8 


were tested with the helical-fin traps for about 
400 hr, but the LCRE termination prevented 
completing these evaluation tests. 


ANL. Recent work on the development of a 
1200°F sodium vapor trap at ANL has been 
reported.'® Two experimental vapor traps were 
constructed. Figure VII-11 shows the second, 
mechanically improved vapor trap. It was tested 
with gas flows up to 40 cu ft/hr from a sodium 
tank maintained at 1200°F; vapor-removal ef- 
ficiency was as high as 99.8%. Sodium con- 
densation rates were determined by radiography 
of a calibrated U-tube beneath the vapor-trap 
inlet. At a gas flow of 20cuft/hr, the condensa- 
tion rate was 13.6 cm*/hr; it increased to 86 
cm*/hr when gas flow was 40 cu ft/hr. 

These test results indicate that vapor-trap 
configuration and temperature can be adjusted 
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Fig. VII-9 Pyrex transparent shell permits ob- 
servation of nonuniform pitch of this helical-flat-fin 
trap: 4/4, in. for middle 3 in. of helix, % in. for next 
3.5 in. upper and lower, and %/; in. for top and bottom 
ends. 
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Fig. VII-10 Condensed liquid metal in helical-flat- 
fin trap tends to agglomerate on fins before draining 
back to vapor source, which in this case and in Fig. 
VIU-9 was 1000°F Nak; photographs were taken*® 
after trap operated 5 hr. 
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Fig. VII-11 Refluxing type impingement-condensing 
trap being developed at Argonne for 1200°F sodium 
vapor has cooling fins and internal baffles as well as 
mesh,19 
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to provide continuous refluxing of sodium vapor. 
In addition to avoiding trap plugging, this would 
permit reducing trap size and cost. But this 
trap would not operate satisfactorily if the gas 
contained an oxide aerosol because oxide ac- 
cumulation on the limited condensing surface 
would plug the trap. 

A larger trap with a 2-in. inletis being tested 
now. It has operated for about 650 hr at 570°F 
and 800 hr at 1020°F. The major operating 
problem has not been with the vapor trap, but 
with maintenance of the tank heaters. 


Recommendations for System Design 


Vapor traps should be located near the vapor 
sources to minimize sodium plugging or ob- 
struction of gas lines. However, because traps 
for handling appreciable gas volumes are rather 
bulky, and space within containment cells is 
often at a premium, traps cannot always be 
positioned next to sodium-containing vessels. 
Thus system designers must ensure that the 
gas piping has enough heat capacity to overcome 
liquid-metal accumulation and plugging and that 
the entrapped liquid metal can be drained from 
the piping. 


Trap Design. Field experience with replace- 
able mesh-filled vapor traps indicates that 
plugging occurs in a small volume of the mesh 
near the gas inlet and that most of the mesh 
volume in a plugged trap remains relatively 
free of liquid-metal accumulation. This ex- 
perience suggests that trapping capacity might 
be improved by the use of graduated-density 
Or zoned-density packings. Another improve- 
ment on current practice might be to increase 
the frontal-area-to-volume ratio of the mesh 
packing, such as by arranging the mesh packing 
in a relatively thin annulus through which the 
gas would pass radially. 


Conclusions: Development Needed 


The mesh-filled vapor trap has found almost 
universal application in liquid-metal-reactor 
systems where large volumes of gas are trans- 
ferred. The operation of these traps can be de- 
scribed as tolerable or even acceptable, but in 
few installations have they proven to be com- 
pletely satisfactory. 

There has not been a Significant change in 
vapor-trap technology during the past decade. 
The early experimental work with vapor traps 
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covered almost the entire spectrum of devices 
that are being used now. The first impingement 
type units were purposely oversized to com- 
pensate for lack of adequate design criteria and 
uncertainties surrounding the nature of the 
sodium vapor or aerosol, and this approach 
persists today. However, the vapor-trapping 
requirements of liquid-metal-cooled systems 
continue to rise as system size and operating 
temperatures increase. Thus a comprehensive 
developmental program is needed to provide 
vapor-trap and reactor-system designers ade- 
quate information upon which to base their 
designs. 
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Operational Problems 
and Solutions 


By Rolf C. Skaardal 


Reactor designers should be interested to learn 
what reactor operators have found out about 
their products. Some reactor operational diffi- 
culties traced to design, fabrication, and in- 
spection were reported at the Conference on 
Reactor Operating Experience sponsored by the 
Reactor Operations Division of the American 
Nuclear Society (ANS). Some of the “nuts-and- 
bolts” type problems are reported here. Most 
of these involved hydraulically induced vibra- 
tions, corrosion, leaks in components, and 
control-system peculiarities. Repair methods, 
control of oxygen in heavy water, and changes 
to research-reactor experimental facilities also 
are of interest to operators and designers and 
therefore are taken into account in this review. 


Control Systems 


Difficulties have occurred with neutron-ab- 
sorber rods and control circuitry at various 
power reactors. 


Control Rods. During a routine license test 
with the Indian Point reactor shut down, one 
control rod stuck when it was being inserted.! 
After borating the water, cooling the system, 
and removing the vessel head, the operators 
found that a tapered stainless-steel pin (1%, in. 
long by °/. to %. in.) had wedged between the 
upper grid plate and a blade of the cruciform 
control rod. They removed the pin, of unknown 
origin, with a 19-ft-long slender wrench when 
the control rod was jacked from below. 

Also at Indian Point, when it was time to 
remove the 12 boron—stainless-steel fixed shim 
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rods that had been installed in the first core to 
limit reactivity during the early part of core 
life, several blades were found to be stuck.' 
The rods were freed by partially removing, as 
a unit, all four fuel elements around each rod. 
The sticking was caused by considerable buck- 
ling of the rods, which apparently occurred 
because of radiation-induced growth of the shim 
blades relative to their rigidly attached non- 
borated stainless-steel tips. These shim rods 
had been in the reactor for only 189 effective 
full-power days. 


Specimens of Elk River reactor control rods 
of a similar material (2% boron—stainless 
steel) also suffered radiation damage, in this 
case, ductility loss.? About a year after the 
plant reached full power, the control rod was 
replaced because tests on a specimen of the 
rod material indicated that it might no longer 
meet the.technical-specification requirement of 
3.4% elongation. However, visual inspection of 
the removed rod showed no apparent mechani- 
cal damage. Studies are under way todetermine 
(1) how much rod embrittlement is tolerable 
and (2) whether periodically changing the core 
location of the rods to expose all rods uni- 
formly would be a more 'practical program than 
replacing each rod as it reaches its limiting 
ductility. 


When the nickel plating on the silver —indium— 
cadmium control rods of the Yankee reactor 
failed to protect the silver from corrosion, 
radioactive silver corrosion products circu- 
lated and deposited throughout the primary 
system.° This caused maintenance problems, 
particularly during the first refueling. After 
the reactor pit was flooded (to provide shielding 
for the refueling crew) and the vessel lid was 
removed, the radioactive silver in the reactor 
water got into the pit water and plated out on 
the stainless-steel liner. To avoid the problem 
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thereafter, the operators replaced the original 
rods with hafnium rods. For two years they 
also have successfully used two experimental 
silver—indium—cadmium rods that are clad 
with Inconel and now have installed two new 
silver—indium—cadmium rods clad with stain- 
less steel. 


Chemical Shim. Yankee, like Indian Point, 
was designed to use boric acid solution in the 
coolant— moderator to reduce reactivity during 
cold shutdown. As an extension of this, during 
operation with the second core, the Yankee 
operators experimented with boric acid injection 
as a chemical shim method.’ Although the ex- 
periments were successful, for some unex- 
plained reason the boric acid in the operating 
reactor system was accompanied by higher crud 
concentrations and appeared to cause oxygen 
generation in the pressurizer. While the causes 
are being investigated, the solution at Yankee 
has been to arrange for degassing from the top 
of the pressurizer and recombination by re- 
injecting into the main coolant system with 
25 cm? of hydrogen per liter in the coolant. 


Temperalure Sensor. The Elk River reac- 
tor experienced several spurious scrams 
caused by a malfunctioning temperature bulb 
and pressure switch.’ After tests indicated this 
equipment was sensitive to radiation, it was 
replaced by a thermocouple system. 


Level Control. When a water-level indicator 
in the Special Power Excursion Reactor Test 
No. 3 (SPERT-III) 2500-psi 650°F pressurizer 
reported that the water was more than 2 ft 
higher than it actually was, the electric heaters 
became partly uncovered and superheated the 
steam to 1000°F. This caused the pressurizer- 
vessel material to fail in creep and ruptured 
its seam weld.‘ The error illustrates the mutual 
dependence of instrumentation and mechanical- 
hardware designs. The signal from a differ- 
ential-pressure cell was used to sense the 
water level. Compensation for the effect of 
density changes on the water-level indication 
was provided through a temperature signal 
received by the automatic controller from a 
single sensor near the top of the normal water 
level. Unfortunately this signal did not recog- 
nize the water-temperature stratification that 
occurred when certain operating conditions led 
to diminished internal circulation of the pres- 
surizer water. 
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Reliable water-level control in the new pres- 
surizer is to be obtained by (1) electric heaters 
staged to operate at different elevations so as 
to circulate the water by convection (heater 
response is delayed only slightly) and (2) taps 
for the differential-pressure cell located such 
that the normal operating water level is 25% of 
the differential range above the bottom tap. 
Although this increases the safety margin, 
temperature —density compensation is stillnec- 
essary for water levels other than normal. 


Electrical Circuit. Routine checks of the 
SPERT-III scram circuit five years after in- 
stallation revealed abnormal operation and re- 
lay chatter.° After wiring checks did not find 
the cause, a complete evaluation of the system 
disclosed that electrical leakage to ground 
through faulty insulation could actuate relays 
that should be deenergized (such as the rod- 
withdrawal circuit). This failure by leakage to 
ground occurred on leg a of the “floating- 
ground” power-distribution system (Fig. VIII-1), 
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3 wire 3 wire 
3 phase 2 phase 


440 volts a.c. 110 volts a.c. 

Fig. VIII-1 Oviginal power-distribution scheme for 
SPERT-III proved “‘fail-unsafe’’ when the wire insu- 
lation deteriorated, permitting a short circuit in the 
wiring to override the control-rod switch by effec- 
tively shorting it closed.? 


where the insulation on the wiring in the 
control-rod drives was particularly susceptible 
to deterioration because of exposure to vibra- 
tion, heat, and moisture. 

Because the leakage impedance Z on any of 
the three lines shown in Fig. VIII-1 was made 
up of both the resistance path through de- 
teriorated insulation and the strong inherent 
capacitance built into the a-c control system 
by its long wiring runs to ground, an accident 
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could result (because the switch S, is effectively 
shorted by impedance Z,, the relay R, cannot 
be deenergized) if a failure to ground occurs 
near point X in Fig. VIII-1. Although R, isa 
110-volt relay, 60 volts will energize it, and 
it will remain energized down to 45 volts. 
Despite the intention to design a fail-safe sys- 
tem, the discovery that ground failures might 
not deenergize certain relays meant that the 
system was not, in fact, fail-safe. 

Because of the hazard, the control-system 
power-distribution circuit was modified as 
shown in Fig. VIII-2 so that wiring deteriora- 
tion can be detected before serious conse- 
quences result. The transformer neutral line 











Fig. VII-2 Modified circuit for SPERT-III alarms 
if deteriorated insulation permits leakage to ground. 
Thus insulation can be repaired before a short cir- 
cuit occurs and overrides the switch.’ 


b was grounded through a current-limiting 
lamp L; in series with an ammeter M,. Any 
leakage to ground from either of the high- 
voltage legs a or c then completes the circuit 
and causes current to flow through the lamp 
and meter. Although this system cannot prevent 
faults, it does keep the reactor operator in- 
formed as to the condition of the system and 
provides an alarm if an abnormality occurs. 
This ground-loop problem atSPERT-III taught 
several lessons applicable to any electrical 
system. For instance, operators must bear in 
mind that the usual insulation checks are d-c 
measurements that will not detect capacitance 
paths, which are serious for a-c systems. De- 
signers must consider the operating character- 
istics of components, such as relays, and the 
likelihood of large capacitance in their leads. 
Because of the impossibility of designing a 
completely failproof system and the chance of 
practical problems such as insulation deterio- 
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ration, systems must be designed so that fail- 
ures will not have serious consequences. 

For more information on control experience 
discussed at the same ANS meeting, see 
page 221. 


Flow Oscillations 


The Elk River reactor’ has exhibited flow 
pulsations ever since the initial power-escala- 
tion runs in 1963. The oscillations, which are 
well defined and repeatable, apparently are 
caused by surges in the feedwater flow at 
around 50% of rated power. These flow oscilla- 
tions cause the reactor power to vary less than 
2.5%. Although the conditions are adjudged to 
present no operational hazard to the reactor, 
studies are continuing to permit better under- 
standing of the phenomenon. 


Flow-Induced Vibrations 


Flow of the coolant at high speeds through a 
reactor can buffet components and cause them 
to vibrate and wear. Failures resulting from 
this at the Big Rock Point, Yankee, General 
Electric Test Reactor (GETR), and SPERT-III 
reactors emphasize the need for designers to 
assess potential vibration sources, components 
that are susceptible to such damage, and ways 
to keep broken items out of the pumps and the 
core. 

Excessive vibration loosened, and in some 
cases dislodged, bolts connecting fuel channels 
to channel support tubes in the high-power- 
density forced-circulation reactor in the Big 
Rock Point Nuclear Power Plant.® Investiga- 
tions using accelerometers and strain gauges 
showed that the vibration was caused by in- 
adequate distribution of the water coolant as it 
entered the reactor vessel. The manner in 
which the problem was solved by adding a baffle 
and by modifying the core support plate and 
72 fuel channels will be described in an article 
on reactor-modification methods in the next 
issue of Power Reactor Technology. That arti- 
cle also will discuss modifications to the 
thermal-shield support in the Big Rock Point 
reactor.’ These were required when several 
studs fractured by thread-root fatigue after 
fretting had enlarged clearances. The fretting 
occurred when small pressure fluctuations 
across the large surface of the thermal shield 
caused significant wear forces between line- 
contact sliding surfaces. 
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Hydraulically induced fretting corrosion was 
found when the Yankee power reactor was first 
refueled.’ Zircaloy to stainless-steel joints on 
the fuel elements had corroded to a depth of 
more than 0.1 in. Later, stainless-steel tubes 
of the in-core instrumentation package were 
found to have been damaged by fretting corro- 
sion to a depth of 0.040 in. Evidence also has 
been found that the Yankee control rods had 
fluttered, causing notches to be worn into the 
stainless-steel rubbing straps. 

Steps to prevent such hydraulic problems at 
Yankee have included substitution of stainless 
steel for Zircaloy in parts that might rub, 
replacement of the 24 guide tubes, and installa- 
tion of impact sleeves to act as cushions or 
vibration absorbers, and at the same time to 
give larger (100-fold in some cases) surfaces 
for dissipating impact. 

The problem caused by hydraulic flow at 
Yankee has been the failure of 10 holders for 
irradiation coupons. Four were recovered in 
1963, but the other six holders and basket parts 
remained lodged in uncertain positions in the 
reactor vessel until they were recovered during 
the 1965 refueling. 

In the GETR,® hydraulically induced vibra- 
tions of control-rod guide tubes caused exces- 
sive wear of aluminum core-component spacer 
pads (see Fig. VIII-3). The pads provide lateral 
support for the upper ends of the fuel elements 
and beryllium filler pieces; there is no upper 
grid plate. The '4-in. 8-cps vibration of the 
guide tubes affected the reactor log-N period 
instrument, causing large-period recorder os- 
cillations as the spacer pads ablated. When the 
reactor was operating at a steady 30 Mw, the 
recorder showed periods as short as +30 sec, 
which caused repeated alarms. 

Reactor modifications to stop the vibration 
consisted in bolting the free upper ends of the 
control-rod guide tubes to the coolant-flow 
distributor, replacing the guide-tube aluminum 
spacer pads with stainless-steel bands (fitted 
into slots milled circumferentially around each 
aluminum guide tube in the pad region), and 
installing complete stainless-steel top ends on 
the beryllium pieces. 

No significant log-N period oscillations have 
been observed since; at a steady 30 Mw, re- 
corder oscillations indicate periods of +400 sec 
(for reference, the period indication is +1000 
sec with the reactor shut down). No pad wear 
could be detected after operation for one year. 
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In the SPERT-III reactor primary system, 
vibrations broke loose a thermowell.® Fortu- 
nately this failure occurred downstream of the 
pumps, and the 8-in.-long piece of '4-in. pipe 
was caught below the core. This occurrence, 
together with earlier fatigue failures of in-core 
instrumentation (due to vibration of small parts 
exposed to the turbulent coolant stream), caused 
concern about the 17 remaining thermowells in 
the primary system. Investigation revealed that 
none of these conformed with vendor’s draw- 
ings. Strain-gauge tests showed that 9- and 
6-in. wells were excited at their natural fre- 
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Fig. VUI-3 The GETR, which does not have an upper 
grid plate, employed aluminum spacey pads for lat- 
eval support of the upper ends of the core compo- 
nents.® 
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quencies, but 5-in. wells showed essentially no 
excitation. Thus 5-in. wells have been installed, 
and no further thermowell problems have been 
encountered. 


Corrosion Problems 


A mysterious form of corrosion of Inconel 
has been discovered at the Agesta Nuclear 
Power Plant in Sweden. The Agesta reactor, 
a pressurized D,O-cooled and -moderated re- 
actor, has a flat hollow lid that is filled with 
light water for cooling the lid and for radiation 
shielding. This lid is penetrated by 188 Inconel 
pipes for heavy water; 11 of these pipes, used 
for charging irradiation specimens, are located 
at the periphery and barely pass through the 
inside of the lid (Fig. VIII-4). Leakage of heavy 
water into the lid was discovered and found to 
be caused by corrosion of three of these 
peripheral tubes. 

Examination revealed intercrystalline stress- 
corrosion cracking on the tube surface, origi- 
nating from the light-water side. The lid-water 
chemistry had been harmless—/pH was main- 
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Fig. VIII-4 Extra wall section was welded around 
each of 11 Inconel, specimen-charging tubes in the 
shield lid of the Agesta reactor after three tubes 
cracked due to stress corrosion.? 
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tained between 9.5 and 10.5 by addition of LiOH. 
Chloride-ion concentration was <0.5 ppm, and 
stresses were less than 20% of yield stress. 
Thus this stress-corrosion phenomenon is not 
fully understood; the damaged tubes are being 
examined metallurgically. In this reviewer’s 
opinion the cause for this “abnormal” stress 
corrosion might be traced to the Inconel-tube 
manufacturing process itself. 


Leaks in Mechanical Components 


The Yankee and SPERT-III pressurized- 
water-reactor systems have experienced a va- 
riety of difficulties with leaks in mechanical 
components and resulting troubles. 

At Yankee, early problems were encountered 
with leaks from canned-motor-pump flanges 
and from stem-leakoff type valves.* The flange 
leakage, which was caused by differential ther- 
mal expansion, is prevented by the use of the 
thermal expansion itself for final tightening of 
the closure; the operators do not pressurize the 
primary system when fluid temperature is low. 
For any cold hydraulic test of the system, the 
operators must adjust the pump flange by 
tightening the bolts. When the inner packing on 
the leakoff type valves could not control the 
leakage to desirable levels, it was necessary to 
remodel the valves to provide deeper inner 
packings. Leakage from the refueling water 
cavity and the ion-exchange pit at Yankee 
presented vexing problems. Also, one 2-in. 
stainless-steel pipe in the charging line failed 
by cracking due to suspected vibration and 
fatigue, and eight socket welds and seal welds 
have leaked. As the plant has become “broken 
in,” such problems have tapered off— Yankee 
has now logged two complete one-year cycles 
without a primary-system cooldown or depres- 
surization. 

The SPERT-III reactor has experienced leaks 
from valves, gaskets, and piping.® The desira- 
bility of waterproofing all control-system elec- 
trical connections was demonstrated by the 
failure of a single tube fitting in the primary- 
coolant system. Extensive damage from short 
circuits resulted from the complete drenching 
of control-system wiring. 

An unusual kind of leakage was experienced 
with one of the four canned-motor pumps in the 
SPERT-III primary system. During a plant 
cooldown in November 1964, a pump circuit 
breaker dropped out. Inspection showed that 
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water had leaked through the seals of the 
stator-winding terminal posts and short- 
circuited the windings. The rotor can, stator 
liner, and stator were damaged, and the motor 
section had to be completely rebuilt. Although 
no cause for the leak has been ascertained, it 
is believed that the pump had operated for some 
time with a damaged rotor can. Thus the initial 
damage might have been caused either by a 
foreign particle entering the motor from the 
primary system or by a piece corroded from 
the nitrided surface of the thrust disk. This 
latter is considered more likely because some 
corrosion has been observed on the thrust disks 
of all four pumps. The operators are con- 
sidering replacing the nitrided 17-4 PH mate- 
rial on the thrust-bearing disks by Stellite 19, 
which better resists pitting corrosion. 

All gaskets in the SPERT-III system, except 
the heat-exchanger head gaskets (which are 
solid stainless steel), are of the spiral-wound 
asbestos-filled stainless-steel type (Flex- 
itallic); diameters range from 1 to 53 in. Al- 
though experience with this type of gasket has 
been generally satisfactory, some flanged con- 
nections leak slightly during the cooldown por- 
tion of about the first three cycles after gasket 
installation. Thus retightening during eachcycle 
is necessary until the gasket firmly seats. Also, 
if this type of gasket is installed without an 
inside-diameter retaining surface, water flow 
tends to unwind the gasket and pieces break off. 
This adds tramp metal to the system as well 
as weakening the gasketed joints. 

The SPERT-III experience with metal gaskets 
has not been satisfactory. The heat-exchanger 
stainless-steel gaskets leak slightly and errati- 
cally at operating temperature. Although the 
primary control valves originally were fitted 
with solid-metal gaskets and welded canopy 
seals, frequent leaks and repair difficulties 
have prompted their replacement by Flexitallic 
type gaskets. 

Stem galling and leakage through valve seats 
also occurred at SPERT-II. The motor- 
operated temperature-control valves were fur- 
nished with chrome-plated type 304 stainless- 
steel valve stems and Stellite 6 bonnet bushings 
and lantern rings. After about a year of service, 
a valve stem seized and the motor force, in 
addition to the 2500-psi internal pressure, 
broke the packing-gland bolts, necessitating an 
emergency shutdown. After the valve stems 
were overlaid with Colmonoy 6 and new bush- 
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ings of bearing bronze were fitted with greater 
clearance, there were no further troubles of 
this kind. 


Repair Procedures 


At Indian Point, two maintenance jobs in- 
volved welding in high-radiation areas.! One 
job was the modification of the nuclear boilers 
secondary-side blowdown piping (the original 
design did not provide for differential thermal 
expansion relative to the boiler shell). To 
protect the welder from the 1.5 to 3 r/hr radi- 
ation field, a special lead shield on four wheels 
was made of 3- by 3-ft 0.25-in.-thick lead 
plates stacked as many as eight thick; the shield 
was just high enough for the welder to position 
himself under it and “turtle” along while doing 
the work, which required two to three weeks to 
complete. The other task involved rewelding of 
an inspection cover on a control-rod guide tube 
in the upper grid-plate assembly. This plate is 
located 4 ft below the reactor-vessel flange. 
The radiation field was 10 r/hr with the water 
level lowered to just below the plate. A 3- by 
4- by 4-ft lead box, with its top open anda 
small round hole in the bottom was made from 
0.25-in. lead sheets. The welder did his work 
through this hole. He spent an uninterrupted 
30 min and received only a very low radiation 
dose. 

At the Agesta Nuclear Power Plant, an un- 
usual repair job was accomplished in connection 
with the peculiar stress-corrosion cracking of 
Inconel-600 tubes in the shield lid. These 
tubes, which are part of the D,O circuit, pene- 
trate the periphery of the H,O-filled lid over 
the reactor vessel; they serve as charging 
pipes for irradiation specimens. Only 3 of the 
11 peripheral tubes were cracked by the inter- 
crystalline corrosion, which originated on the 
H,O side, but it was decided to protect all 
11 tubes from further attack by enclosing each 
within an extra wall section that would be welded 
to the inside of the lid (Fig. VII-4). This re- 
pair work was extremely difficult because the 
work area was severely restricted by the heavy- 
water piping on the lid. Further, the lid struc- 
ture permitted holes of only approximately 6 in. 
in diameter to be made for access to the weld- 
ing area. Thus it was necessary to use mirrors 
and bent electrodes. The repairs took four 
months, including demonstration of an efficient 
repair method and recommissioning of the lid. 
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The radiation levels in the work area were 
moderate, 1 to 5 mr/hr, and were chiefly from 
crud deposits in the heavy-water piping atop 
the lid. The fuel contributed to the background 
only slightly and, therefore, was not discharged 
from the core during the repair. No worker 
received more than 0.7 rem. 


Control of Oxygen in D2O 


Operators of the Plutonium Recycle Test 
Reactor (PRTR) reported difficulties in reduc- 
ing the oxygen content of the helium-blanketed 
heavy-water systems.'? The oxygen came from 
radiolysis of the D,O and air leaks. The ex- 
cess oxygen quickly disperses through all the 
D,O systems because of the common surge tank, 
for the helium, which is the pressurizing 
medium for the reactor coolant, provides an 
inert atmosphere over the moderator and re- 
flector, as well as serving as blanket gas 
between the calandria and shields. 

The usual method for reducing the excess 
oxygen involved recombination by adding 
“shots” of hydrogen gas directly into the D,O 
coolant. Although chromatographic analyses of 
the helium showed that these injections partially 
reduced the oxygen, they also unexplainably de- 
creased the indicated content of hydrogen in the 
gas. Investigations employing mass-spectro- 
metric analyses showed that the chromatograph 
was inaccurate (at equilibrium before H, was 
injected, no H, was present and only 12 to 
17% as much D, as the chromatograph had in- 
dicated total H, plus D,) and that the oxygen in 
the gas preferred to combine with the H, in- 
jected into the water rather than with the D, 
already present in the gas. 

When it became clear that injecting hydrogen 
gas into the coolant still did not sufficiently 
reduce the oxygen content of the D,O, tests 
were made to learn the effectiveness of a 
uniform concentration of excess hydrogen in the 
helium supply. Although calculations indicated 
that an initial concentration of 0.3% H, would 
be enough to combine with the oxygen from 
radiolytic dissociation and air inleakage, it 
only very slowly reduced the O, concentration 
in the D,O. Increasing the H, concentration to 
0.6% produced faster results, but only after 
reactor systems reached equilibrium tempera- 
ture after startup. Since a 1% H, concentration 
in the helium was Selected for routine opera- 
tion, there has been very little problem with 
excess oxygen. 
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Research-Reactor Modifications 


Designers of reactor experiments will be 
interested in considering the modifications made 
to irradiation facilities at two pool type re- 
search reactors to increase their usefulness 
for certain types of experiments. 


Rabbit Facility. An interesting pneumatic ir- 
radiation system has been operated in the 
thermal column of the Industrial Reactor Lab- 
oratories (IRL) 5-Mw pool type research re- 
actor.'! It permits samples to be inserted and 
removed from the 10!! neutrons/(cm?)(sec) flux 
in the column during full-power operation. The 
unique feature of this rabbit facility is that the 
track and 1- by ‘4-in. vent line were machined 
from graphite and assembled to form two 4- 
by 4- by 5l-in. standard graphite pieces 
(Fig. VIII-5) which, when connected end-to-end, 
fully penetrate the thermal column. The 1%.- 
in.-diameter track has an S shape to prevent 
radiation streaming. The low-friction graphite 
track is ideal for rabbit travel; no liner is 
needed that might perturb the flux or cause con- 
tamination problems in the column. 

A maximum rabbit-surface contamination of 
0.05 pc/em?, due mainly to the 12.9-hr “Cu 
and 2.58-hr °*Mn from impurities in the AGOT 
graphite, has presented no serious handling 
problems. 

Figure VIII-6 shows the pneumatic system 
used in inserting and returning the rabbit. 


D,O Reflector. A vented rectangular alumi- 
num tank! containing 45 gal of heavy water has 
been installed along one full face of the core of 
the University of Michigan reactor (Fig. VIII-7). 
When the core size was reduced, installation of 
the tank converted two radial beam ports into 
tangential ports, increased the thermal-neutron 
flux at the beam-port source planes by 80%, 
and improved the signal-to-background ratio 
by factors of 2.8 and 4.7. Figure VII-8 shows 
how the installation of the heavy-water reflec- 
tor influenced the ionization-chamber readings. 

When tests showed that the D,.O-filled-tank 
reactivity worth (compared to H,O) was only 
half the +0.04 Ak/k prediction calculated, the 
operators increased the core operating mass 
by 12% so as to provide enough excess re- 
activity for routine operation at 2 Mw. 

The maximum credible accident is postulated 
to involve the release into the reactor pool of 
tritium produced in the D,O tank. Thus the 
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Fig. VIII-5 Assembly of graphite modules for rabbit-travel guide in IRL reactor thermal column. 
Graphite modules, each 12), in. long, are mounted on two 1- by 4- by 51-in. graphite pieces placed 
end-to-end." 
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tritium content in the tank will be checked every 
800 Mw-hr to ensure that it does not exceed 
50 curies; production-rate measurements pre- 
dict that the D,O will not need reprocessing 
or replacement until the reactor has operated 
15,800 Mw-hr. Calculations had predicted a 
neutron-flux peak in the tank of twice the core 
flux, but preliminary measurements in the tank 
Show that no peak occurs. No evidence of D,O 
radiolysis has been detected. 


Hallam Operation 
in Retrospect 


By Fred A. Smith 


The future operation of the Hallam Nuclear 
Power Facility has been under serious con- 
sideration since the reactor was shut down in 
September 1964, after failure of seven mod- 
erator elements,'*-!4 and August 1965, when the 
U. S. Atomic Energy Commission announced 
termination of its operating contract with the 
Consumers Public Power District of Nebraska. 
Nevertheless, the operating experience gained 
in starting up and operating the 250-Mwi(t) 
sodium-cooled graphite-moderated reactor is 
well worth reviewing because ofits applicability 
to other reactors, particularly those cooled by 
sodium,*~?? 

On the basis of a review of the information 
on Hallam testing, startup, operation, problems 
encountered, corrective steps, and recommen- 
dations for improving plant performance and 
reliability, I have summarized highlights and 
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have attempted to evaluate the significance of 
this experience. For convenience, I have con- 
sidered the experience in three categories: 
normal operation, difficult component problems, 
and unresolved problems. 


Summary 


In general, the 80-Mw(e) plant performed well 
until the moderator elements failed!*:*-* Fig- 
ure VIII-9 summarizes the plant operating 
history. The measured core-physics parame- 
ters agreed well with predictions. Although the 
Sodium-heated steam generators operated 
safely, they were not in service long enough to 
appraise realistically their operating and main- 
tenance costs. The numerous difficulties en- 
countered in operating with sodium components, 
and some caused by sodium chemistry, em- 
phasize the need for progress in these tech- 
nologies. 


Normal Operating Experience 


As with the startup and early operation of 
most power plants, many Hallam activities and 
components gave no trouble, and others caused 
minor difficulties that required modifications 
involving only modest cost and time to make. 


Plant Preoperational Tests. These tests, 
which involved 57 systems or functions,’ began 
after “beneficial occupancy” of the facility in 
August 1961. Dry criticality was achieved in 
January 1962. Then seven months of system 
checkout were required before wet criticality 
was attained on Aug. 25, 1962. Rise-to-power 
tests followed; electricity was generated 
May 29, 1963, and full power was reached in 
July 1963. Thus the total time to take this plant 
from postconstruction occupancy to full power 
spanned 23 months. This accomplishment must 
be classed as a successful, normal operating 
experience much like that which should be ex- 
pected for any nuclear plant of this size and 
complexity. Although some of the systems 
tested contained components whose operation 
later proved to be difficult or presented unre- 
solved problems, the plant test program rep- 
resents a successful joint venture between 
Atomics International, Consumers Public Power 
District, and the U. S. Atomic Energy Com- 
mission. 


Initial Sodium Fill. The primary and sec- 
ondary systems were initially filled with 
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741,500 lb of sodium in a problem-free opera- 
tion similar to the large-scale transfers of 
sodium at Fermi and Experimental Breeder 
Reactor No. 2 (EBR-II). An electrically heated 
oil-circulation system liquified the sodium, 
which was pumped electromagnetically from 
railroad tank cars. Plant cold traps reduced 
the oxide content of the sodium enough that the 
sodium plugging temperature was brought below 
250°F after only approximately 24-hr operation 
in the secondary system and approximately 
36 hr in the primary system. 


Nuclear Tests. In general, calculated and 
measured nuclear reactivity values agreed ex- 
cellently. In criticality tests 2%?’ sodium worth 
at 350°F in a 53-element core was measured 
as —6.1% Ak/k; the value calculated was —5.5% 
Ak/k. For the 140-element cold, clean core, 
kos WaS measured as 1.109 (9.8% Ak/k); the 
predicted value was 1.069 (6.5% Ak/k). Mea- 
surements of zero-power temperature coeffi- 
cients of reactivity’® showed the isothermal 
coefficient of reactivity to be +0.123 cent/°F 
at 400°F and +0.088 cent/°F at 500°F. With 
20% sodium flow in the primary system, the 
“prompt” power coefficient is —0.4 cent/Mwi(t) 
and is —0.05 cent/Mw(t) at 240 Mw/(t) with 
96% sodium flow. 

The peak of '“Xe buildup” occurs approxi- 
mately 4.5 hr after a scram from full power 
and is worth —263 cents of reactivity. 
Samarium-149 has a peak buildup of 160 full- 
power days and an equilibrium worth of 
—122 cents. 

For power operation, investigations of con- 
trol-rod patterns” indicate that the axial power 
distribution has a range of peak-to-average 
ratios of 1.40 to 2.62. 


Plant Control System. A number of minor 
problems were experienced. These related to 
faulty components, fabrication errors, and de- 
sign shortcomings. 

Of 13 interrelated subsystems of the plant 
control system, 7 demonstrated satisfactory 
operation without any corrective action. The 
satisfactory systems were the (1) plant power 
control, (2) nuclear power control, (3) fuel- 
temperature and coolant-flow (“convection 
power”) control, (4) outlet steam (“attempo- 
rator”) control, (5) steam-generator pressure- 
relief control, (6) primary block-valve control, 
and (7) secondary-flow control. Minor modifica- 
tions were required to the division-of-load 
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computer, moderator—coolant control, and 
steam-dump control systems. Although the 
primary-sodium flow control system has op- 
erated satisfactorily, the need for the existing 
recorder—controllers for this system should 
be evaluated more completely for actual plant 
load-following conditions. 

The neutron-flux control system encountered 
difficulties because of below-average reliability 
of components. However, after more reliable 
plug-in components were installed, the neutron- 
flux control system operated uninterruptedly 
longer and was easier to maintain. Feedwater- 
level control posed a difficult problem; because 
level control was limited by the lack of vertical 
head in the horizontal steam generator, it was 
really a problem of steam-generator design 
rather than of instrument control. 

In general, the overall control system has 
responded excellently to intentional transients.*! 
On one occasion the operator manually over- 
rode the instruments, which resulted in a re- 
actor scram. Subsequent investigation revealed 
that the automatic control-rod response had 
been legitimate. 

On another occasion, when both the conven- 
tional and nuclear plants were operating simul- 
taneously and the conventional boiler suddenly 
dropped off the line, nuclear response was 
immediate. As designed, the reactor picked up 
the full turbine load faster than approximately 
20%/min. 


Control-Rod Operation. The control-rodde- 
sign speeds were verified by preoperational 
tests in air.** No change in drive speed and 
no malfunctions were found when the control 
rods were tested again during the plant rise 
to power.*? There were small differences in 
design-vs.-actual rod drop times for the 9-ft 
free fall and full drop-to-snubber closure, but 
they were well within specifications. 

Faulty magnets, shorted coils, and improper 
limit switches caused spurious scrams of the 
control rods. After the causes of these prob- 
lems were corrected, the control rods worked 
perfectly. Although the difficulties with the rod 
drives involved normal installation adjustments, 
the original control-rod-drive thimbles, which 
were to keep the control rods in a dry helium 
atmosphere, failed; they are discussed further 
under the subsection Unresolved Problems. 


Reactor Heat-Transfer Systems. Overall 
performance of the heat-transfer system has 
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been equal to or better than design. Total heat 
losses were independent of load and remained 
at approximately 1.5 Mw(t), which is less than 
a 1% loss at full load. High-temperature, high- 
flow, and low-pressure operation has been 
effected satisfactorily for prolonged periods. 
Reactor operation as a load-following plant has 
been very successful. 


Sodium Mechanical Pumps. Both during pre- 
operational testing and after plant power opera- 
tions, the six vertically mounted overhung me- 
chanical type pumps had to be removed for 
maintenance.'? Subsequently, these centrifugal 
and free-surface pumps (the primary and sec- 
ondary systems each have three) were modified 
to: (1) loosen the diametral running clearances 
of the impeller upper and lower wear rings, 
(2) make more uniform the temperature distri- 
bution of the exterior casings of the pumps so 
as to prevent impeller binding, (3) provide 
greater area for sodium flow from the bearings 
to the pump suction, and (4) install sintered 
metallic filters to prevent foreign material 
(beads from the welding rods that had been 
used in fabricating the steam generators) from 
entering the secondary-system pumps. Since the 
corrections, overall performance of the pumps 
has been satisfactory. Fortunately, like the 
EBR-II and Fermi mechanical pumps, the Hal- 
lam pumps were designed so that that the im- 
peller and shaft can be removed relatively 
easily from the volute casing, making field 
maintenance possible.'® It is easier to remove, 
maintain, and replace a sodium pump than a 
deep-well pump, a boiler feedwater pump, or 
a similar major pump.*4 


Leakage Through Sodium Valve Seats. For 
plant safety the sodium in the reactor drain and 
fill lines must be kept molten by heating the 
lines. However, seepage of radioactive sodium 
across the drain-line valves limited personnel 
access to the sodium service cell (where the 
cold and hot traps are located) during reactor 
operation. To avoid the problem, a bypass line 
has been installed in the primary-sodium ser- 
vice system to connect each main coolant loop 
to the drain tanks without passing through the 
sodium service cells. 


Bellows -Seal Valves. The bellows in about 
11% of the 2-in. (or less) sodium valves in the 
cold-trap and drain circuits have failed. Most 
of the leaks occurred on valves that were 
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partially open for throttling service—none of 
the bellows valves that normally are either 
fully open or closed failed. The bellows-seal 
valves that have not leaked were operated 
subsequently as stop valves. The failed valves 
have been replaced with freeze-seal valves or 
fixed orifices, both of which are recommended 
for future installations. It also has been recom- 
mended*® that the number of throttle valves 
should be minimized in future sodium plants 
and that any bellows-seal valves be tested 
thoroughly at various openings and with sodium 
turbulence to be certain that any bellows will 
not oscillate. 


Plugging Meters. These units, which indi- 
cate the oxide concentration in sodium, have 
operated well in each of the primary and sec- 
ondary systems. However, to eliminate poor 
flushing of the plugged area when the oxide 
saturation temperature approaches the bulk so- 
dium temperature, a minor modification would 
be desirable—a heater should be added to 
raise the temperature of the sodium flowing 
through the meter above the bulk sodium tem- 
perature. 


Handling of Core Components. These han- 
dling operations have involved the movement of 
fuel elements and control-rod thimbles and, 
more recently, the removal of moderator ele- 
ments. Facilities for cleaning and inspecting 
core components have operated as designed.??,38 
The fuel-handling machine and its gantry and 
trolley assembly were tested with a’ core 
mockup vessel before delivery to the site.* 
Thus the system has operated well with only 
minor changes required Since installation. This 
success indicates the desirability of pretesting 
full-size components. Hallam experience with 
handling damaged core components points up 
the desirability of handling-equipment designers 
giving thought to being able to dislodge and re- 
move damaged core components expeditiously. 


Difficult Component Problems 


The operation of some components and sys- 
tems revealed considerable or sustained diffi- 
culties that involved substantial cost and time 
to correct. 


Nuclear Instruments. Electrical noise in- 
terference, high instrument temperatures, and 
difficulty in achieving rapid response have been 
problems. Power-range instruments required 
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only minor modifications. But the intermediate- 
range log-N' instruments encountered difficul- 
ties caused by poor design and poor quality 
control. Because the average signal-to-noise 
ratio was only 5:1, the startup-range channels 
initially provided readings with fluctuations 
of far greater magnitude than normally associ- 
ated with nuclear statistics. 

These instrument problems were greater 
than should be expected. An evaluation*® report 
recommends more stringent performance spec- 
ifications for future plants to eliminate ex- 
tensive testing, repair, and modification of 
nuclear instrumentation. 


Plant Protective Instruments. The main 
functions of this system,‘! which is separate 
from the plant regular control systems, are to 
prevent inadvertent hazardous operation and to 
detect off-normal conditions and then act auto- 
matically to prevent damage to the reactor 
system or heat-transfer-system components. 

Tests and use of the plant protective system 
led to numerous improvements that eliminated 
(1) noise caused by poorly regulated a-c power, 
(2) noise caused by the grounding pattern, 
(3) drift related to insufficient cooling, (4) short 
lifetime of mechanical “choppers” in the ampli- 
fier, and (5) interaction between protective- 
system components. With these modifications 
the system proved to offer adequate protection 
against potentially hazardous conditions. For 
future designs of such systems, it has been 
recommended that electric power be regulated 
at the point of end use rather than at the source 
with a common regulator.*® Future designs also 
should be studied closely for clear definitions 
of the purpose and function of protective-system 
components. 


Control-Rod Thimbles. The control-rod 
thimbles were intended to isolate the rods 
from the reactor sodium by containing them in 
a pressurized helium atmosphere." The reason 
for the selection of a dry control-rod system 
was the state of development of mechanisms in 
sodium at the time the design was fixed. How- 
ever, the Zircaloy-2 walls of 3 of the 19 thim- 
bles cracked early in the prestartup tests of 
the primary sodium system. Study indicated*4 
that a possible cause of the failure was hydro- 
gen embrittlement due to the diffusion into the 
Zircaloy-2 of hydrogen from the titanium hy- 
dride used as a shielding material in the 
control-rod-drive housing. (For more informa- 
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tion on hydrogen embrittlement of Zircaloy, 
see page 245.) It is interesting to note that 
earlier engineering proof tests of the control- 
rod-drive mechanism and thimbles in sodium 
were conducted without the titanium hydride 
shielding installed. The problem was solved 
when all 19 Zircaloy-2 thimbles in the reactor 
were replaced with thimbles of type 304 stain- 
less steel. 


Throttle Valves. The Hallam primary- 
system throttle valves are freeze-seal ball 
valves actuated by a double jackscrew driven 
by an air motor.” Difficulties were encoun- 
tered with the valve actuator, shafts, torque 
limiter, and jackscrews. Although the various 
modifications eventually resulted in satisfactory 
operation, the problems were bothersome and 
both they and the corrective measures involved 
an extended period of time. 


Intermediate Heat Exchangeys. Vibration 
caused a tube to fail in one of the three inter- 
mediate heat exchangers—which convey heat 
from the radioactive primary-system sodium 
to the nonradioactive sodium in the secondary 
system—in November 1962, which was before 
the reactor was used to produce power. Analy- 
sis indicated that failure was caused by flow- 
induced vibration in the shell (secondary) side 
near the sodium inlet baffles.“* The natural 
frequency of vibration was changed when shims 
were installed between tube rows in the 12 to 
15 ft/sec sodium inlet area. Subsequent tests 
and operations indicate that the vibration 
ceased. Nevertheless this internal modification 
was difficult to make. 

More favorable was the fact that the heat 
transferred by the intermediate exchangers 
was within 12% of the value predicted,”* and 
it did not vary significantly over the plant 
history. Pressure drops were greater than pre- 
dicted—6 vs. 1.2 psi on the primary side and 
14 vs. 6.8 psi on the secondary side. These 
greater than predicted drops are of little con- 
cern because the pump head is sufficient to 
achieve the flows required. 


Steam Generators. These units, of which 
there are three, are described in Refs. 19, 20, 
41, 47, and 48. When plant auxiliary steam was 
used to preheat the steam generators to 300°F 
before they were filled initially with sodium, 
the steam did not distribute the heat evenly over 
the entire steam generator. This relatively 
minor problem was corrected by maintaining a 
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partial vacuum on the steam generator while 
admitting the preheat steam; this procedure 
distributed the heat so that temperatures were 
within 125 °F. 

A more difficult problem arose during the 
tests for the initial rise to power. The three 
steam generators had 0.60 to 0.70% liquid 
water in the steam leaving the separator, which 
exceeded the maximum acceptable moisture 
carry-over of 0.25%. After numerous tests,‘*°? 
it was found that the water level was dropping 
enough that some of the horizontal sodium- 
heated tubes did not have water over them. 
Water level was varying as much as Din. at full 
power. Thus carry-over was limited by the 
installation of more precise control equipment 
to hold the water level in the evaporator sec- 
tion within +0.7 in. at full power. With these 
conditions the steam separators have little 
capacity above their steam rated capacities of 
251,000 lb/hr. 

Although it is significant that the overall 
heat-transfer coefficients for steam generation 
have remained essentially constant (which 
means no fouling has occurred) and that the 
steam generators have not leaked sodium to 
air or to water (which testifies to the safety of 
the design bases and the fabrication quality 
control), the need for the numerous tests and 
modifications to solve the moisture carry-over 
problem makes it necessary to consider the 
experience with Hallam steam generators as 
having been difficult. 


Gas Entrainment in Sodium Expansion Tank. 
Originally, all sodium in the three secondary- 
system parallel loops flowed through an ex- 
pansion tank in each loop. During preopera- 
tional tests, it was discovered that helium 
cover gas in the expansion tanks became en- 
trained by the sodium and circulated through 
the system. Although this problem was elimi- 
nated by modifications that caused 96% of the 
sodium flow to bypass the expansion tanks,*! 
this type of design deficiency cannot be con- 
sidered normal; the modifications required 
approximately three months to complete. One 
of these expansion tanks cracked during later 
operation; because this problem has not been 
rectified, it is discussed in the next subsection. 


Unresolved Problems 


Operating experience uncovered some prob- 
lems that either have no positive means of 
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correction or whose resulting difficulties have 
not yet been corrected. 


Crack in Sodium Expansion Tank. The shell 
of one of the three expansion tanks in the sec- 
ondary systems cracked near a nozzle.” The 
crack was caused by weld-rod coating entrap- 
ment at an internal baffle plate (the lesson 
learned from this is that internal welds require 
Specifications similar to external sodium-con- 
tainment welds). Analysis of the nature of this 
sodium-leakage failure indicates the desira- 
bility of replacing all three tanks if the plant 
is to resume operation.®® Such a change would 
be a relatively minor task. 


Cold Traps for Oxide. Although the initial 
efficiency of the cold traps, estimated as nearly 
100%, shows their ability to keep the oxide con- 
tent of the sodium low, the operator must either 
periodically replace the 10 to 12 plugged cold 
traps or install larger traps. The original 
traps plugged relatively rapidly because of the 
oxide that formed in the sodium during the re- 
pairs and modifications to the secondary system 
and the intermediate heat exchanger. 

Because of mechanical interference, main- 
tenance men must enter the cell to remove the 
primary-system cold traps.** This is no prob- 
lem now, but, if a fuel cladding fails and leaks 
fission products into the sodium, remote meth- 
ods might have to be devised to replace the 
traps. 


Hot Traps for Carbon. To monitor the carbon 
content of the primary-system sodium, opera- 
tors placed type 304 stainless-steel tabs at the 
sodium inlet of a carbon trap. After being held 
at 1200°F in the 30 to 40 gal/min sodium flow 
for 100 hr, the tabs were removed and analyzed 
chemically and metallurgically. These tabs 
showed no evidence of carburization.» In con- 
trast, when fresh type 304 stainless-steel tabs 
were exposed statically at 1200°F for 100 hr 
to a sodium sample withdrawn from the carbon 
trap, the tabs invariably carburized to a range 
of 4 to 147 ppm. Obviously, the problem of 
understanding and measuring the chemical ef- 
fects of various forms of carbon in sodium is 
still unsolved. 


Freeze Traps for Sodium Vapor. Condensa- 
tion or freeze traps are installed at high points 
in the reactor auxiliary sodium systems to re- 
move sodium vapor from the cover gas that is 
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vented or purged when the sodium system is 
being drained or filled.°© Each of these traps 
contains a sodium-level float valve that con- 
trols the leakage of cover gas to the vent; the 
valve opens the gas path to the vent when the 
rising sodium level raises the float, which 
engages a cam that operates a shaft running 
through a sodium “freeze seal.” However, the 
shaft packing that contains and backs up the 
freeze seal has leaked helium and permitted 
some liquid sodium to leak through the shaft 
annulus into the vent, which plugged it. Also, 
because of the variable resistance of the freeze 
seal, excessive manual pressure has been ap- 
plied to this shaft, which broke on several 
occasions, 

Although these problems have not been so 
severe as to warrant redesign of the Hallam 
system, a better system for venting and filling 
inert gas is needed for future sodium plants. 
(For more information on inert-gas systems 
and vapor traps, see page 259.) 


Fuel-Channel Orifices. Adjusting the cool- 
ant flow by means of variable orifices in each 
fuel channel in the core allowed the operators 
to hold coolant exit temperature from each 
channel to within 15°F of the average.“!°’ Flow 
through the orifice could be adjusted 30 to 
100% by moving the orifice plug its full 4-in. 
stroke; at 100% flow, 4-in. travel changes so- 
dium temperature at the channel exit 90 to 
150°F. However, the inability to move some 
of the plugs, due primarily to sodium oxide, 
has limited the use of these devices. Twelve 
orifices became either fully closed (but there 
is also a bypass), stuck, or broken. In other 
cases, when the drive cable would remain in 
tension after turning was difficult, the orifice 
plug would “creep” so that further adjustment 
would be necessary. 

Although these fuel-channel variable orifices 
could be improved by replacing the flexible 
shaft with a rod or by installing a bellows, it 
was not practical to make changes on the initial 
core. 


Moderator -Element Failure. Leakage of the 
type 304 stainless-steel cladding onthe graphite 
moderator elements*!»*® was a significant event 
of major proportion in that it necessitated 
shutting down the plant for core repairs. By the 
end of September 1964, the cladding on seven 
moderator elements had failed and had flooded 
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the elements with sodium; Fig. VIII-10 shows 
the core locations of the failed and suspect 
moderator elements.*4 This flooding reduced 
core reactivity, tilted the flux, and depressed 
the power, by which means the failures were 
detected and the suspect failed elements were 





Fig. VIII-10 Locations in the core of the failed and 
suspect moderator elements.*4 The seven cans that 
actually failed are shown with heavy borders. Ele- 
ment M-87 was not suspected initially. On the basis 
of flux patterns, M-62 and M-67 were suspected, and 
M-79 was vegarded as a possible failure, but exami- 
nation showed that all three were intact. 
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identified®? (see Table VIII-1); these tests in- 
dicated that 8 and possibly 9 moderator ele- 
ments had failed, but subsequent examination 
with boroscopes and electromagnetic probes 
showed that only 7 elements had failed. How- 
ever, this leakage also permitted the sodium 
to react with the graphite, which swelled the 
elements and caused 19 fuel elements to be- 
come stuck in place (none of the thimble- 
enclosed control rods stuck.) 

Subsequent core-repair work removed the 
19 stuck fuel elements; the 7 failed moderator 
elements, together with 3 others that suffered 
damage in the handling operations, were re- 
placed with 10 new moderator elements by 
July 12, 1965. 

A review of the moderator-element design, 
material specifications, and inspection and fab- 
rication methods that was made before the 
failed elements were removed uncovered no 
obvious reasons for the failures, although it 
cast suspicion on rewelds that were made on 
initially defective welds.®’ Although the final 
report on the detailed examination and analy- 
sis of the cans was not available as of this 
writing, Fig. VIII-11 shows a typical crack,* 
which occurred approximately 3 in. from the 
top of the element in core position M-42. Six 
element cans cracked in similar locations; 
metallographic study of the type 304 stainless 
steel near the cracks revealed little or no 


Table VIII-1 REACTIVITY REDUCTIONS WHEN MODERATOR-ELEMENT 
CANS CRACKED AND SODIUM ENTERED ELEMENTS*% 





Reactivity reduction, cents 

















Date of Corrected for 
Moderator -element Date additional Actually rod-calibration Predicted 
location ruptured disturbance observed error worth* 
M-94 2/2/64 3 4 4 
M-38 2/2/64 20 (M-38) 
and and 9 10.5 
M-62 2/20/64— 11 (M-62) 
2/22/64 25 29 31 
3/6/64-— 9 10.5 
3/12/64 
3/29/64— 7 8 
4/5/64 
M-3 3/4/64 18 21 21 
M-58 5/15/64 16 19 18 
M-51 9/9/64 23 23 20 
M-42 23 (M-42) 
and 9/26/64 25 25 
M-67 43 43 20 (M-67) { 43 
9/27/64— 18 18 
9/30/64 
Total 128 139 137 





*Predicted worth is determined by flux weighting to corrected—observed worth of M-3 as 


base. 
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Fig. VIII-11 Crack that occurred near the top of the 
can on moderator element in core position M-42 is 
typical of the cracks in six of the seven failed can: .*4 


thinning or grain distortion® but found inter- 
granular separation of the type that occurs 
from long-term stress in the range of creep 
deformation (below the yield stress). In this 
area near the top of the cans, which contain a 
vacuum, the thin type 304 stainless steel is not 
supported by the graphite. Although a series of 
“fingers” is intended to support the cladding 
wall, in six of the failed cans some of the 
fingers did not give support.®? (The seventh 
element failed rapidly when the swelling of the 
other elements damaged a process tube, which 
gouged the seventh can.) 

The plant designers believe the problem can 
be solved by eliminating the vacuum in the 
141 moderator cans.® This could be done within 
about six months by installing on each mod- 
erator element an 11-ft snorkel tube that would 
vent it to the inert cover gas above the sodium 
surface in the reactor vessel. 

From studies made of the design of the failed 
moderator elements,™ it is now clear that the 


Hallam design does not represent an engineer- 
ing extrapolation of the moderator elements 
used in the Sodium Reactor Experiment.© Fu- 
ture liquid-metal-cooled reactor designs must 
be considered carefully to determine precisely 
which features are truly represented by previ- 
ous experience and to identify design features 
that involve advancements in the state of the 
art and therefore constitute a performance risk. 
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Power Reactor Technology 





Advancements 
in Organic Coolants 


By J. E. Sawyers, Combustion Engineering, Inc. 


The investigations in organic-coolant technol- 
ogy have involved seven general aspects: (1) 
decomposition by radiolysis and pyrolysis, (2) 
additives to improve resistance to decomposi- 
tion, (3) reclamation methods for used coolant, 
(4) fouling-film formation, (5) corrosion prop- 
erties, (6) heat-transfer properties, and (7) 
possible new coolant materials. Although bi- 
phenyl and other organics have been studied, 
the major work has concentrated on the ter- 
phenyls, especiaily Santowaxes OMP and R. 
Much of the work summarized here is dis- 
cussed! in detail in a comprehensive analysis 
of the status of organic-coolant technology 
through mid-1964. 


Decomposition 


Experiments on pyrolysis of biphenyl, ortho- 
terphenyl, and metaterphenyl included limited 
investigations of gamma radiolysis.” 


The pyrolytic exposures involved various du- 
rations at 750 to 825°F inan autoclave controlled 
within 5°F. After pyrolysis products were ana- 
lyzed and molecular-weight distributions were 
measured, rate constants and heats of reaction 
were calculated. Orthoterphenyl pyrolyzes about 
five times faster than biphenyl and metater- 
phenyl. The data indicate that pyrolysis is a 
first-order reaction. Rate constants for all 
three materials increase with temperature and 
fit reasonably well to an Arrhenius plot. Cal- 
culated heats of reaction are 93 kcal/mole for 
biphenyl, 89 kcal/mole for orthoterphenyl, and 
83 kcal/mole for metaterphenyl. 
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Probable mechanisms are discussed on the 
basis of reaction-product analyses. Calculations 
of entropies of activation (at 800°F) suggest 
formation of a high-entropy complex that sub- 
sequently reacts or decomposes to give the 
products observed. 


The radiolysis experiments were conducted 
by surrounding the autoclave with spent reactor 
fuel elements. Low-temperature (below 500°F) 
experiments, where pyrolysis is not significant, 
indicate that radiolysis depends on tempera- 
ture—but there were insufficient data todeter- 
mine this effect quantitatively. In a 775°F ra- 
diolysis experiment, exposure to 2.5 Mr/hr for 
840 hr (2.1 x 10° r total dose) decomposed ap- 
proximately twice as much organic as did py- 
rolysis alone in a control sample. Analysis of 
the radiolytic decomposition products suggests 
that the reaction mechanisms change as tem- 
perature increases. Gases produced by gamma 
irradiation in the absence of air include acety- 
lene, ethylene, propylene, and propane. The 
observations that radiolysis rate and reaction 
mechanisms depend on temperature agree with 
work summarized earlier.° 


The dose-rate effect on the radiolysis of 
paraterphenyl was investigated by exposing 
samples at approximately 660°F to electrons 
from a Van de Graaff generator.‘ Values of 
Gyolymer, defined as the number of molecules of 
paraterphenyl converted to less-volatile mate- 
rial per 100 ev absorbed, were 0.17 to 0.26; 
Ggas values, defined analogously for conversion 
to gaseous products, were 0.017 to 0.037. Dose 
rates between 0.24 and 10 watts/g did not af- 
fect either Gyoiymer OF Ggas. 


Reactor irradiations of Santowax OMP at 
600°F in a loop in the MIT reactor have been 
reported.’ After initial buildup of high boilers, 
unirradiated organic was added to maintain 
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their content at approximately 33 wt.%. Total 
irradiation time was approximately seven 
months (equivalent energy dose to the cool- 
ant was not reported); specimens were taken 
throughout this time. Coolant viscosity, density, 
and average molecular weight remained essen- 
tially constant because of the coolant replace- 
ment. The Santowax OMP degraded to higher 
boiler at the rate of 0.15 molecule per 100 ev 
absorbed. 


Seventeen organic compounds, including 12 
condensed-ring polyaromatics, biphenyl, ortho- 
terphenyl, metaterphenyl, and paraterphenyl, 
and bibenzyl, were studied in pyrolytic and 
radiolytic experiments.° The objectives were 
to determine their general decomposition be- 
havior and parameters that correlate with it. 
All experiments were performed in vacuum and 
in the range 375 to 840°F. A “Co gamma fa- 
cility and the Brookhaven Graphite Research 
Reactor (BGRR) were used for the irradiations. 
Gamma-irradiated samples were exposed to 
7x 10° rads over 7 days; reactor-irradiated 
Samples were exposed to 2.1 x 10° rads over 
19 days. 

Gas production increases with temperature 
in gamma radiolysis and in pyrolysis (no pro- 
vision was made for measuring gas from the 
BGRR samples). For many compounds, pyroly- 
sis and gamma radiolysis produced markedly 
different concentrations of hydrogen and meth- 
ane. In general, the most common gases pro- 
duced were ethylene and propane, with less con- 
sistent or smaller amounts of ethane, acetylene, 
and about eight other gases. 

The decomposition rate usually increases 
with temperature, and the amount of decompo- 
sition in the radiolytic experiment always ex- 
ceeded that from the control samples, in which 
only pyrolysis occurred. Data for decomposi- 
tion rate as a function of temperature reveal 
the same general relation for all compounds — 
there is a temperature “breakpoint,” below 
which the increase in decomposition rate with 
temperature is not very substantial and above 
which the increase becomes very marked. For 
a given compound this apparent breakpoint oc- 
curs at about the same temperature during ra- 
diolysis as in pyrolysis, but it occurred at 
lower temperatures for the reactor-radiolyzed 
samples than for the gamma-radiolyzed sam- 
ples. This difference is attributed to the three- 
fold difference in irradiation times. 
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Experiments showed that, in general, aro- 
matic carbon—carbon bonds are more stable 
against both radiolysis and pyrolysis than are 
aliphatic carbon—carbon bonds. The control 
pyrolysis experiments show that pyrolytic de- 
composition rate increases with time, that is, 
pyrolysis products form increasingly quickly 
as pyrolysis products build up. Thus the in- 
vestigators concluded that the results of short- 
term pyrolysis studies cannot be extrapolated 
meaningfully to long exposures. On the basis of 
breakpoint observations, they recommend that 
the maximum operating temperature for these 
organic materials be in the neighborhood of 
750°F to avoid extensive decomposition. 

Several attempts were made to obtain a cor- 
relation between radiolytic stability and other 
compound parameters. Two of these param- 
eters, sSinglet—triplet excitation energy and 
electron affinity, were reported to indicate 
some reasonable degree of correlation with 
radiolytic decomposition rate, 


Six-Mev electrons have been used’ to irradi- 
ate biphenyl, the three terphenyl isomers, and 
Santowax OMP at approximately 600°F to de- 
compositions of approximately 40%. Five spe- 
cific conclusions are reported: (1) second-order 
kinetics best describe the radiolysis reaction; 
(2) paraterphenyl is more stable than metater- 
phenyl, which is more stable than orthoter- 
phenyl; (3) rate constants increase for succes- 
sive steps in biphenyl radiolysis reactions; (4) 
concentration of molecular-weight multiples of 
the starting material (biphenyl or terpheny]l) 
rises rapidly in the radiolysis-product fraction; 
and (5) there is a linear relation between total 
dose and molecular weight (up to ~1.5 x 10'° 
rads). Nuclear magnetic-resonance measure- 
ments were interpreted to suggest that part of 
the hydrogen generated during radiolysis might 
react with the polymeric products. 


Additives 


Irradiations with 6-Mev electrons were per- 
formed to determine the effects of selected ad- 
ditives on the radiolytic stability of terphenyl.' 
Total dose was 0.5 to 1.0 x 10’° rads at approx- 
imately 650°F. Additives that contribute sub- 
stantial stability against electron radiolysis can 
be broadly described in three general groups: 
(1) elemental sulfur and compounds containing 
divalent or tetravalent sulfur; (2) fused-ring 
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compounds structurally related to anthracene, 
in which either none of the rings, the end rings 
only, or the center ring only is hydrogenated 
and in which 9 and 10 positions of the center 
ring are occupied by sulfur, nitrogen, and car- 
bon (or, in a few cases, oxygen) atoms; and (3) 
hydrogenated or partially hydrogenated fused- 
ring compounds not necessarily related to an- 
thracene. They reduce electron radiolysis by 
approximately 10 to 25% when added to ter- 
phenyls in concentrations of 3 mole % or less. 
Compounds of the second group depend only 
slightly on concentration, but those of the first 
and third groups depend greatly on concentra- 
tion-— elemental sulfur is most effective at 0.7 
mole %, Effectiveness of none of the better ad- 
ditives appears to depend much ontemperature. 

Electron and reactor irradiations have been 
used to measure how various additives affect 
the decomposition of biphenyl, Santowax R, and 
paraterphenyl.® The addition of small (10 to 20%) 
portions of paraquaterphenyl to biphenyl slows 
the decrease in biphenyl degradation by elec- 
trons slightly (=20%) but does not significantly 
affect the reactor-irradiation results. In reac- 
tor irradiation of paraterphenyl, gas and high- 
boiler formation was slowed 10 to 20% by the 
addition of approximately 0.5% of any of various 
additives, including ferrocene, phthalocyanine, 
iron, copper, and cobalt phthalocyanines. 


Coolant Reclamation 


Catalytic hydrocracking has been studied as 
a means to reclaim used organic coolant. In 
catalyst-screening experiments, cobalt molyb- 
date, nickel oxide, platinum, and cobalt oxide 
plus vanadia (all on low-surface alumina, 50 to 
80 m?/g) proved to be efficient catalysts for 
terphenyls at 600 to 900°F and 500 to1000 psig. 
Catalytic efficiency increased with phenyl chain 
length; nickel oxide on alumina was the most 
selective to chain length. Further experiments 
were performed with the cobalt molybdate and 
nickel oxide using coolant from core 2 of the 
Organic Moderated Reactor Experiment (OMRE) 
and several other synthetic terphenyl mixtures. 
Continuous-flow hydrocracking of OMRE core 2 
coolant (23% high boilers) at 900°F and 1000 
psig removed 90 to 100% of the high boilers and 
recovered 85 to 95 wt.%. of the feed as usable 
product (Some material was lost as light ends 
and some deposited on the catalyst). The aver- 
age molecular weight of the product was 205 to 
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225, compared to 270 for uncracked core 2 
coolant. 


Radiolytic stability of the cracking products 
was investigated by use of a linear accelerator 
for irradiations of 0.48 to 1.3 x 10'° rads at 
650°F. The selectively hydrocracked material 
was Slightly more stable than Santowax OMP. 
Although the hydrocracked material released 
up to four times as much gas as did Santowax 
OMP, the gas amounted to only approximately 
0.3 wt.% of the sample, and total radiolytic de- 
composition was significantly less for the hy- 
drocracked material. Pyrolytic stability of the 
reclaimed coolant also was studied in 48-hr 
experiments. No thermal high boiler was mea- 
sured up to 650°F; results are interpreted to 
suggest a “threshold” for pyrolysis at 750 to 
825°F, 


Cost estimates were performed for a 1000- 
Mw [300 Mw(e)| organic-moderated and -cooled 
reactor that produces high boilers at either 
25,000 or 50,000 lb/day. On the basis of equip- 
ment amortization within seven years, total 
cost for manufacturing hydrocracked usable 
coolant would be $0.083/lb (later revised to 
$0.07/lb) for the 25,000 Ib/day case and $0.053/ 
Ib for the 50,000 Ib/day case, compared to 
fresh terphenyl coolant costing $0.17/Ib. Ad- 
vantages of the hydrocracking reclamation pro- 
cess would be (1) reductions in coolant-makeup 
and waste-disposal requirements and (2) re- 
moval of film-forming material that would foul 
the fuel elements; these improvements would 
reduce overall operating costs. A disadvantage 
would be the possible net buildup in the coolant 
of biphenyl, whose high vapor pressure might 
cause reactor operating difficulties. 

Economics estimates have been performed 
for catalytic hydrocracking processes to re- 
claim damaged coolants from the 11.4-Mw(e) 
Piqua Nuclear Power Facility.'? Three hydro- 
cracker feed schemes were considered: feed 
supplied from the bottoms of a flash tank, from 
the bottoms of the presently installed distilling 
column, and directly from the main coolant 
stream. Selective hydrocracking of either con- 
centrated high boilers or total coolant would 
be efficient and economical, but flash-tank feed 
is recommended as the most economical. The 
plant for the flash-tank-fed hydrocracker rec- 
ommended for Piqua would cost $300,000. It 
could maintain high-boiler concentration in the 
coolant below 10% and ash concentration at 0.3 
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ppm. Without interest or taxes, payout time 
would be approximately 4.6 years, with a sub- 
sequent power-cost saving of 1.08 mills/kw-hr 
before taxes (0.52 mill/kw-hr after taxes), as- 
suming full-power reactor operation 60% of the 
time. 

Also studied briefly were the economics of a 
flash-tank-fed hydrocracker for a 500-Mw/(e) 
organic-cooled D,O-moderated reactor that op- 
erates at full power 60% of the time. If a hydro- 
cracker is used instead of a distillation system 
to maintain coolant quality, the estimated saving 
is $205,400/year, and the payout time is 1.0 
year if there are no taxes on the saving (or 1.9 
years with taxes) and if the unit is amortized 
over 7.5 years. 

The study also evaluated whether hydrogen 
could be recovered from radiolytic gases to 
reduce hydrocracker operating costs. Although 
technically feasible, such a process would be 
economically advantageous only with plants 
larger than Piqua. 


Film Formation 


Pyrolytic capsules were used for fouling 
tests performed to evaluate the film-forming 
tendencies of OMRE core 2 coolant;*- These 
tests consisted essentially of maintaining cool- 
ant samples at 600°F for 24 hr under a nitro- 
gen blanket while a stainless-steel tube held at 
1050°F was immersed in the coolant, after 
which the amount of film deposited on the tube 
was measured. Results indicated that some 
coking did take place on the heaters and that 
6°Co and *4Mn concentrated on the heater sur- 
face to approximately 500 times their concen- 
tration in the coolant. Preliminary screening 
of adsorbents that might be useful in removing 
355 and *P from organic coolants indicated that 
metals and reduced oxides might be useful, and, 
in particular, a reduced nickel oxide hydrogena- 
tion catalyst showed good removal efficiencies 
for the concentrations used. 


Engineering-scale equipment and static cap- 
sules were used for fouling studies and iron and 
water solubility studies.° In the static-capsule 
fouling tests, no fouling-film deposits nor de- 
tectable traces of alpha iron were found on the 
type 304 stainless-steel heater test specimens 
exposed to individual terphenyl isomers at 500 
to 800°F. No correlation was apparent between 
the test conditions and the presence or absence 
of small amounts of alpha iron. Terphenyl gen- 


erally absorbed or reacted with 1 vol.% oxygen 
placed in the cover gas. In the iron and water 
solubility studies, purified orthoterphenyl and 
paraterphenyl were covered with argon contain- 
ing up to 6.5 vol.% water. No iron was found in 
the coolant. Water added to the coolant to a 
maximum concentration of 68 ppm did not 
noticeably affect iron solubility. Although water 
was Slightly soluble in orthoterphenyl, no water 
was found in paraterphenyl. 


Mechanisms of fouling-film formation were 
studied by testing Santowax OMP and coolant 
fluid from core 2 of the OMRE in pyrolytic 
capsules or in a circulating loop in which the 
organic was irradiated with 6-Mev electrons. 
Also studied were the effects of temperature, 
flow, pressure, cover gas, and various pre- 
ventive additives. 

In regard to mechanisms, the study indicated 
that film formation on hot surfaces comes from 
(1) mass transfer of iron from the container 
and pipes and (2) deposition of a composite ma- 
terial that forms when high-molecular-weight 
polymers adhere to either soluble or insoluble 
iron in the coolant—and that “to a limited de- 
gree, certain higher molecular weight high 
boilers were more effective in fouling.” 

The pyrolytic capsule tests showed that film 
formation increases exponentially with surface 
temperature, but bulk temperature is also im 
portant and is greatly speeded by temperature 
“spikes” of less than 1-min duration. 

In the electron-irradiation loop, film forma- 
tion was (1) not affected greatly by blanket-gas 
pressures over the range 400 to 700 psig, (2) 
inversely proportional to coolant velocity, (3) 
enhanced by surface roughness or projections 
into the coolant stream, and (4) affected by the 
radiation intensity. When the blanket over the 
fluid was hydrogen, rather than nitrogen, the 
film was heavier and had greater thermal 
conductivity. 


Corrosion Properties 


Out-of-pile tests in a tilting-furnace appara- 
tus were used to test the corrosion properties 
of type 304 stainless steel, A~285C mild steel, 
1100 aluminum, Al-288, and SAP M-257 in 500 
to 800°F paraterphenyl and 500 to 710°F ortho- 
terphenyl.® On the basis of rather sketchy data, 
it was concluded that these materials are highly 
resistant to corrosive and mass-transfer attack 
by the terphenyls. 
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The combined effects of exposure to both an 
organic moderator—coolant and reactor radia- 
tion were measured on specimens of various 
materials that had been placed in the core of 
the OMRE for 26 months. Specimens included 
SAE 1020 carbon steel, SAE 4130 low-alloy 
steel, types 410 and 304 stainless steels, alu- 
minum, and magnesium. High-boiling-point im- 
purities in the organic were allowed to rise to 
nearly 30%, at which level they were held dur- 
ing most of the last half of the exposure. The 
SAE 1020 and 4130 steels corroded at the rate 
of approximately 0.0001 in./year. Aluminum 
and types 410 and 304 stainless steels were 
quite resistant to corrosion. Magnesium was 
the only metal that corroded appreciably; these 
measurements seemed to confirm that mag- 
nesium, whether anodized or not, is unsuitable 
for organic-reactor service. It was concluded 
that measurements of corrosion rates in an 
out-of-pile laboratory can predict in-pile cor- 
rosion rates with sufficient accuracy for design 
purposes. 


Corrosion of iron by terphenyl was investi- 
gated with a variety of organic mixtures and 
reagent-quality iron wire.’ Clean terphenyl, 
either irradiated (by 6-Mev electrons) or un- 
irradiated, does not corrode iron, but it be- 
comes corrosive upon oxidation by air. Two 
commercial automotive motor-oil detergents 
were tested for preventive effects, but first 
indications were unfavorable. 

Autoclave and loop tests have been used to 
determine the corrosion rates of structural 
materials exposed to commercially available 
terphenyls (Santowax mixtures); potential cor- 
rosion inhibitors also were evaluated.’® Santo- 
wax R was used in agitated autoclave tests, and 
Santowax OMP was used in the loop tests. Cor- 
rosion rates usually decrease with exposure 
and depend on fluid velocity and temperature. 
Although the corrosion rates of the various al- 
loys seem relatively insensitive to water addi- 
tions, water did seem to promote a more ad- 
herent oxide scale in the autoclavetests. 


Steel corrosion rates were insensitive to wa- 
ter content up to 2000 ppm, which contrasts to 
the OMRE experience in which particulate- 
formation rates depended directly on water or 
air contamination. Corrosion rates that can be 
expected for carbon or SAE 4130 steels as a 
function of organic bulk temperature are re- 
ported as 0.05 to 0.06 mg/(cm?)(month) at 
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600°F, 0.10 mg/(cm?)(month) at 650°F, and 0.20 
to 0.25 mg/(cm?)(month) at 750°F. Of the three 
steels tested, annealed, or sensitized, type 304 
stainless steel is the most corrosion resistant 
(it shows negligible corrosion in both the auto- 
claves and the loop), and carbon steel is less 
resistant than ferritic type 410 stainless steel. 
Limited tests with type 406 stainless steel (13% 
chromium—4% aluminum) indicate a corrosion 
rate as low as that for type 304 stainless steel. 
One advantage of type 406 stainless steel is 
that it absorbs approximately 25% fewer ther- 
mal neutrons than type 304. 


Aluminum and specimens made from sintered 
aluminum powder (called SAP or APM) were 
almost inert to terphenyls with normal water 
content. Type 1100 aluminum oxidized only 
when water content exceeded 1000 ppm. Al- 
though the tests indicated that magnesium and 
its alloys might be attractive as water-removal 
agents, they are unsuitable for use in organic 
reactors because they are readily corroded by 
organic coolants. 


Protective coatings were evaluated in auto- 
clave tests. None of a wide variety of coatings 
on zirconium alloys was able to prevent hy- 
driding of the zirconium. Copper and brass 
corrodes faster than carbon steel, but beryl- 
lium appears to be quite inert. Although niobium 
apparently corrodes more than carbon steel, it 
might be an effective diffusion barrier between 
aluminum cladding and metallic-uranium fuel. 


Contaminants. The results of these tests and 
other considerations show that, in general, the 
presence of water, hydrogen, air (oxygen), or 
sulfur in terphenyl enhances corrosion and film 
formation. Although the effects of minor air 
contamination were negligible in the laboratory 
experiments, experience at the OMRE indicates 
that air contamination of irradiated coolant 
tends to increase fouling. The fouling tendency 
of coolants can be reduced if (1) the water or 
oxygen content is minimized, (2) the access of 
air and water to the coolant system is strictly 
controlled, and (3) larger and more effective 
particulate-removal systems are used. 


Sampling. For these experiments the workers 
developed a significantly improved technique 
for sampling Santowax to determine its water 
content. The difficulty had been caused by the 
ability of water to flash off from the Santowax 
at 750°F when the pressure was reduced. A 
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sampler that simulated a flow sample from the 
autoclave was developed to avoid this problem. 


Heat-Transfer Properties 


Forced-circulation heat transfer in organic 
systems has been studied extensively." Boiling 
heat transfer with forced-circulation Santowax 
R and isopropyl diphenyl has been measured in 
an out-of-pile test loop having an electrically 
heated vertical test section;'® Table [IX-1 shows 


Table IX-1 CONDITIONS IN BOILING HEAT- 
TRANSFER EXPERIMENTS!8 








Isopropy! 

Conditions diphenyl] Santowax R 
Heat flux, Btu/(hr)(sq ft) 40,000—100,000 27,000—110,000 
Mass velocity, 

lb/(sec)(sq ft) 325-630 280—750 

System pressure, psia 21-33 15—28 
Flow direction Up only Up and down 
Subcooling, °F 0-17 0-57 





the range of variables investigated. Data for 
Santowax R heat transfer correlated best with 
Levy’s equation;!® Rohsenow”’ and Forster— 
Greif’! equations were less successful. The 
correlation was insensitive to flow direction. 
Data for isopropyl diphenyl correlated within 
10% using Levy’s equation; the Rohsenow and 
Forster —Greif relations were not tried because 
of uncertainty concerning the surface tension of 
isopropyl diphenyl. 

Void fraction was measured in the Santowax 
R experiments by an X-ray transmission tech- 
nique. With greater than 8°F subcooling, these 
data were correlated using a modified form of 
Maurer’s equation.” An expression was de- 
veloped and used with moderate success to 
correlate void-fraction data near equilibrium 
bulk boiling. For equilibrium boiling the ex- 
perimental results were consistent with pre- 
dictions from a modified Martinelli model.”° 


Possible New Coolants 


Attempts have been made to find an inexpen- 
sive organic coolant with properties similar to 
the terphenyls.""4 A large group of high-boiling 
distillates from the petroleum industry which 
were studied included recycled oils from some 
catalytic-cracking operations, highly aromatic 
fractions used as feed for producing carbon 
black in furnaces, and coal-tar distillates. Ir- 
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radiation with 6-Mev electrons usually liber- 
ated more gas from these oils than from Santo- 
wax OMP. Radiation resistance of these oils 
ranged from somewhat lower to somewhat 
greater than Santowax OMP. In general, their 
thermal stabilities were unsatisfactory above 
650°F. 

When these petroleum-base stocks had been 
hydrodealkylated and the coal-tar stocks hy- 
drodesulfurized, they had pyrolytic thresholds 
approximately 50°F less than terphenyl. Ra- 
diolysis of coolants prepared in this manner 
formed polymer only 50 to 75% as fast as did 
terphenyl but liberated gases several times 
faster than terphenyl. Viscosities, vapor pres- 
sures, densities, and hydrogen densities were 
very similar to terphenyl. The film-forming 
tendency of these materials has not been tested, 
but no coking was observed up to 750°F. Al- 
though estimates based on these data indicate 
that these coolants could be produced cheaply 
enough that inventory and makeup costs would 
be somewhat less than for terphenyl in a con- 
ventional steam plant where bulk temperatures 
do not exceed 700°F, these experiments did not 
include in-pile or neutron irradiations. Thus 
the results are only indicative. 
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in steam-water systems, 166-70 
in water, 121-23 

Burnup 
fuel elements, Magnox-clad, 62 
measurements, 216-17 


Cadmium sulfates 
solution, use as poison, 214 
Calcium sulfates 
deposits in boiling solutions, 238 
Catalytic hydrocracking 
reclaiming of organic coolants, 292 
Ceramics 
(see Fuel elements (ceramic)) 
Cermets 
(see Fue! elements (cermet)) 
Cesium (liquid) 
thermal, thermodynamic, and flow proper- 
ties, 164 
Channels 
burnout of water in vertical, 121 
fluid flow stability in heated, 231 
Chloride ions 
corrosive effects on stainless steels, 254 
Coatings 
corrosion by polyphenyls, 294 
Cold traps 
for oxides in Hallam Power Reactor, 25: 
Components 
reliability, 221 
Computer codes 
ARGOSY, 160-1 
ARGUS, 118 
GAM-I, 210, 212 
HEAT-1, 118 
HFN, 212 
HRG, 212 
MARC-2B, 215 
1 


ROB, 118 
SOFOCATE, 210 
STOKE, for heavy water reactor simula- 
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tion, 35 
TEMPEST, 212 
THERMOS, 212 
TYCHE, 113 

Computers 
use for reactor control, 226-27 
Condensation 
dropwise, of ethylene glycol, 233 
dropwise, of water, 233 


915 
, 215 


of laminar films, 232 
of liquid metals, 232-33 
vapor traps utilizing, 259-60 
Conductivity 
(see Thermal conductivity) 
Control, 221-27 
calibration for EBR-I, with Pu core, 155 
calibration for SRE, second core, 157 
computer use for, 226-27 
critical assemblies using moderator 
-24 
gas-cooled reactors, 68-69 
poisons, 10-12, 214, 217, 225-26 
Control rods 
drive mechanisms for EBR-II, 133-34 
gravity independent, 223 
operation in Hallam Power Reactor, 282 
radiation effects, 271 
reliability, 221-22 
thimble failure in Hallam Power Reac- 
tor, 283-84 
Control systems, 272-75 
ASTR, 223 
development, 18 
Elk River Power Reactor, 271-72 
Hallam Power Reactor, 280, 282 
Indian Point Power Reactor, 271 






large pressurized-water reactors, 144-46 


Yankee Power Reactor, 271-72 
Convection (forced) 
in boiling K, 163-64 
burnout heat flux in subcooled 
boiling water, 122 
effects in boiling, 235 
fluid flow stability, 231-32 
two-phase flow, 228 
Convection (free) 
burnout of water in vertical channel, 
121 
coolant loop transient behavior, 122 
effects on film condensation, 232 
heat transfer coefficients for ice- 
water systems, 239-40 
heat transfer at cryogenic tempera- 
tures, 239 
heat transfer to finned tubes, 236-37 
liquid metal boiling in, 23 
Coolant loops 
fluid flow stability, 122 


transient behavior under free convection, 


122 
Coolants 
(see also Potassium alloys (K-Na) 
(liquid)) 
contamination in Dounreay Fast Reactor, 
75 
flow oscillations in Elk River Power 
Reactor, 273 
loss accidents, 240-42 
Na, 75-96 
Coolants (organic) 
corrosive effects, 293-94 
film formation by, 293-94 
heat transfer properties, 123-24, 295 
pyrolysis, 290-91 
radiolysis, 290-94 
reactivity effects of Dowtherm A, 109 
reclamation, 292-93 
Cooling systems 
Hallam Power Reactor, 282 
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Copper 
corrosion by polyphenyls, 294 
Cores 
radiation effects on lifetime, 216 
Cores (graphite moderated) 
physics calculations, 160-61 
Corrosion 
by nitrogen, 173-74 
by organic coolants, 44-45, 293-94 
in Agesta Reactor, 275 
of ceramic fuel elements (Zircaloy-2- 
clad), 177-82 
of Hastelloys, 23, 173-74 
of Incoloy-X, 23 
of Nb alloys, 42-45 
of stainless steels, 254-55, 293-94 
of steels, 9-10, 293-94 
of Yankee Power Reactor control rods, 
271-72 


Corrosion products 





deposition in reactors, 252, 256 
Cracks 
propagation in boiling water reactor 
fuel elements, 254 
Critical assemblies 
control by moderator level, 223-24 


perturbations in graphite-moderated, 115 


Critical assemblies (Anna) 
design, 111-12 
Critical assemblies (Helena) 
design, 111 
Critical assemblies (OCF) 
pulsed neutrons in, 112 
Critical assemblies (ROSPO) 
design, 112 
Critical assemblies (Scorpio 1) 
criticality measurements in, 212 
Critical assemblies (Scorpio II) 
criticality measurements in, 212 
Critical assemblies (TCA) 
pulsed neutrons in, 112 
Critical experiments, 109-13, 210-14 
Critical facilities (Alize-II) 
use of soluble poisons in, 214 
Cross sections, 114-15 
absorption, thermal neutrons in graphite, 
114-15 
calculations, 210, 212 
fission, of 241Pu, 115 








fission spectrum, of 235U, 115 

integral, of Be, 115 

neutron capture, of Pu isotopes, 2ii 
Crud 

analysis from VBWR, 254, 256 
Cryogenics 

heat transfer, 232-33 


Decontamination 
sodium reactor coolants, 75-77 
Delayed neutrons 
calculations, 161-62 
Departure from nucleate boiling 
effects of nonuniform heat flux on, 229 
Desalination 
deposits during boiling and heat trans- 
fer through films, 238 
Diffusion length 
thermal neutrons in graphite, 114-15 
Digital computers 
use for reactor control, 226 
Dipheny] 
(see Biphenyl) 
Direct power conversion 
plants, 105-6 
‘‘Dowtherm A’’ coolant 
reactivity effects, 109 


Economics 
of catalytic hydrocrackers for organic 
coolant reclamation, 292-93 
fast breeder reactors, 85 
radiation effects on core lifetime, 216 
sodium graphite reactors, 185 
‘lectrical circuits 
SPERT-3, failure, 272-73 
Electrons 
radiation effects on polyphenyls, 
291-92 
Electrostatic precipitations 
use with NaK vapors, 260 
Energy conversion (direct) 
plants, 105-6 
Ethylene glycol 
condensation, dropwise, 233 


fe] 


Excursions, 221-22 
Exponential experiments, 109-13, 211-14 


Fission parameters 
calculations, 161-62 
Fission products 
contamination at Dounreay Fast Reactor 
coolant, 75 
gases, monitor for, 263 
Fluid flow, 14-17, 118-2 
effects on boiling, 253 
large pressurized water reactors, 
142-44 
oscillations in Elk River Power Reac- 
tor, 273 
Fluid flow (annular) 
transition to two-phase, 234 
Fluid flow (froth) 
occurrence and characterization, 123 
Fluid flow (turbulent) 
bubble studies, 234-35 
heat transfer in annuli, 122 
Flowsheets 
Halden Reactor, 50 
soluble poison control systems, 11 


163-71, 228-44 





Forced convection 
(see Convection (forced)) 
Free convection 
(see Convection (free)) 
Freeze traps 
for Na in Hallam Power Reactor, 285 
Freon systems 
boiling burnout in, 166 
Froth flow 
(see Fluid flow (froth)) 
Fuel assemblies 
design for large pressurized-water 
reactors, 139-41 
Fuel cycles 


evaluation for large fast breeder reactors, 


154-55 
Fuel elements 

Agesta Reactor, 51-52 

burnout of rods, 167 

criticality of pins, 210 

design, 3, 6-9 

design for AGR Reactor, 62 

design for Anna Critical Assembly, 112 

design for BONUS Reactor, 27 

design for NORA Reactor, 112 

design for RB Reactor, 112 

development for fast breeder reactors, 
86-91 

development of SAP, 37, 39 

fabrication, 126-31 

failures in boiling water reactors, 254-56 





failure due to internal pressure, 252 
failure in VBWR, 252-54, 256 
Marviken Reactor, 51-52 
radiation effects, 7-8, 62, 82, 255-56 
thermal conductivity, 118-21, 129 
Fuel elements (Al-Pu) . 
criticality in graphite lattices, 212 
Fuel elements (BeO-UQ))(Hastelloy-X- 
clad) 
evaluation, 173 
Fuel elements (ceramic) 
design, 3, 6-9, 147-52 
evaluation, 172-74 
Fuel elements (ceramic)(Zircaloy-2-clad) 
fretting corrosion, 177-82 
Fuel element (cermet) 
development, 89, 126-28 
fabrication, 129 
thermal conductivity, 129 
Fuel elements (enriched U) 
criticality in D2O lattices, 213 
Fuel elements (Incoloy-800-clad) 
evaluation for superheating reactors, 
174-75 
Fuel elements (Magnox-clad) 
burnup, 62 
design, 63-66 
radiation effects, 62 
Fuel elements (Mo-UO2 cermet) 


fabrication and thermal conductivity, 129 


Fuel elements (Mo-W-UO, cermet) 
development, 128 
Fuel elements (Nb-ThO2-UO2 cermet) 
thermal conductivity, 129 
Fuel elements (Pu) 
criticality in graphite lattices, 212 
Fuel elements (Pu-U) 
criticality in graphite lattices, 212-13 
Fuel elements (PuC-UC) 
design for large fast breeder reactors, 
147-49, 151-52 
Fuel elements (PuO,-UO,) 
criticality in water, 212 
design for large fast breeder reactors, 
149-52 
specifications, 129 


Fuel elements (PuO,-UO,)(Zircaloy-2-clad) 


fretting corrosion, 177-82 

Fuel elements (PuO,-UO»))(Zr-clad) 
criticality, 210 
fretting corrosion, 177-82 

Fuel elements (stainless steel-clad) 
design, 3, 6-9 

Fuel elements (stainless steel-UO, 

cermet) 

development, 126-27 

Fuel elements (Th-U) 


development for fast breeder reactors, 59 


Fuel elements (Th-U-Zr)(Zircaloy-2-clad) 
fabrication, 130 
Fuel elements (ThO2-UOz) 
design, 3, 6-9 
Fuel elements (W-UO2 cermet) 
development, 127-28 
Fuel elements (U) 
criticality in graphite lattices, 212-13 
Fuel elements (UC) 
buckling studies, 111 
development for sodium graphite reac- 
tors, 81-83 
radiation effects, 82 
Fuel elements (UC)(stainless .steel-clad) 
evaluation, 174 
fabrication of Na-bonded, 129-30 
Fuel elements (UO2) 
design, 3, 6-9 
fabrication, 129 
thermal conductivity, 119-21 
Fuel elements (UO2)(enriched) 
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pulsed neutron studies, 112 


Fuel elements (UO2)(stainless steel-clad) 


evaluation, 172 
fabrication, 128-29 


Fuel elements (UO2)(Zircaloy-2-clad) 


evaluation, 172-74 
fretting corrosion, 177-82 


Fuel elements (Zircaloy-clad) 


design, 3, 6-9 
evaluation, 18 


Fueling machines 


Bradwell Reactor, operation, 68 
EBR-2, vapor traps for, 262-63 
design, 68, 141-42 


G 


Gadolinium nitrates 


use of solutions for reactor shutdown, 
226 


GAM-I code 


criticality and cross section calcula- 
tions, 210, 212 


Gases 


entrainment in Hallam Power Reactor, 
284 

fission product monitoring, 263 

thermodynamic properties, 121, 239 


Graphite 


criticality of Pu alloys in lattices of, 212- 
13 

moderator, pulsed neutron studies in, 112- 
13 

thermal neutron absorption cross sec- 
tion and diffusion length in, 114-15 


Gravity 


control rod independence from, 223 


Hastelloy-C alloy 


corrosion in superheating reactors, 23 


Hastelloy-X alloy 


corrosion by No, 173-74 


HEAT-1 code 


thermal conductivity calculations, 118 


Heat exchangers 


concentric tube, dynamic analysis of, 237 

design, 236-37 

efficiency ,.236 

failures in Hallam Power Reactor, 284 

finned tube, 236-37 

heat transfer coefficients for NaK, 
235-36 


Heat transfer, 14-17, 118-25, 163-71, 


228-44, 253 

large pressurized-water reactors, 
142-44 

organic coolants, 123-24, 295 


Heavy water 


chemistry of, 39-40 

control of oxygen in, 277 

criticality studies in lattices of, 213 

moderator, pulsed neutron studies in, 113 

reactivity effects, 109 

reflector, in University of Michigan 
Reactor, 277, 279 


Heavy Water Lattice Project 


buckling experiments, 109-10 


Helium 


thermodynamic properties, 121 


HFN code 


cross section calculations, 212 


Hot traps 


for carbon in Hallam Power Reactor, 
285 
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HRG code 
cross section calculations, 212 
Hydriding 
Zr alloys, 9, 246-51 
Hydrogen 
effects on corrosion by polyphenyls, 
294 
reactions with Zircaloys, 245-46 
thermal conductivity at high tempera- 
tures, 239 


Ice-water systems 
free convection melting, heat transfer 
calculations, 239-40 
Impingement 
vapor traps utilizing, 260 
Incoloy-800 alloy 
testing for fuel element cladding, 
174-75 
Inconel-X alloy 
corrosion in superheating reactors, 23 
Indium resonance energy 
flux age, 113-14 
TYCHE code, determination by, 113 
Instrumentation 
gas-cooled reactors, 68-69 
Hallam Power Reactor, 283, 285 
large pressurized water reactors, 145-47 
level controllers, failure, 272 
liquid metal level indicators, 176-77 
neutron detectors, 224-25 
pressure switches, failure, 272 
temperature sensors, failure, 272 
Integral cross sections 
9Be, 115 
Iron 
corrosion by polyphenyls, 294 


J 


Jet Propulsion Laboratory 
liquid-metal magnetohydrodynamic sys- 
tem research, 207 


Leaks 
Hallam Power Reactor, 282 
pressure vessels, 3 
SPERT-3, 275-76 
Yankee Power Reactor, 275-76 
Level controllers 
SPERT-3, failure, 272 
Level indicators 
for liquid metals, 176-77 
Light water 
(see Water) 
Liquid metals 
(see Metals (liquid)) 
Lithium (liquid) 


thermal, thermodynamic, and flow proper- 


ties, 163-64 
Loss-of-coolant 
accident analysis, 240-41 


Magnesium 

corrosion by polyphenyls, 294 
Magnesium alloys 

corrosion by polyphenyls, 294 
Magnesium oxide systems (MgO-PuO2) 

radiation effects, 8 
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Magnetohydrodynamic systems, 199-209 
Maintenance 
handling of Hallam Power Reactor core 
components, 283 
MARC -2B code 
thermal neutron distribution calcula- 
tion, 215 
Massachusetts Institute of Technology 
liquid-metal magnetohydrodynamic sys- 
tem research, 208 
Melt Refining Process 
vapor traps, 266 
Mercury 
condensation in Ni surfaces, 232-33 
thermal, thermodynamic, and flow proper- 
ties, 163-64 
Metals (gaseous) 
film condensation, 232-33 
Metals (liquid) 
boiling behavior, 231 
level indicators, 176-77 
pumps for, 282 
thermal, thermodynamic, and flow proper- 
ties, 163-64 
use in magnetohydrodynamic systems, 199 
209 
vapor traps for use with, 259-70 
Meters 
plugging in Hallam Power Reactor, 283 
MHD system 
(see Magnetohydrodynamic systems) 
MOCA-2 code 
criticality calculation, 215 
Moderators 
criticality control with, 223-24 
element failure in Hallam Power Reactor, 
285-87 
Molybdenum systems (Mo-W-UO2 
cermets) 
development for fuel elements, 128 
Molybdenum systems (Mo-UO, cermets) 
fabrication into fuel elements and thermal 
conductivity, 129 
Multiplication factors 
for EBR-I, with Pu core, 158-59 


N 


NaK 
(see Potassium alloys (K-Na)(liquid)) 
Natural convection 
(see Convection (free)) 
Neutrons 
age determination, 113-15 
delayed, 161-62 
detector design, 224-25 
flux measurements, 157-58 
pulsed, 112-13 
scattering, 116 
thermal, 114-15, 215 
thermalization, 115-16 
Nimbus Satellite 
thermal design calculations, 240 
Niobium 
corrosion by polyphenyls, 294 
Niobium alloys (Nb-Zr) 
corrosion, 42-45 
hydriding stress allowance, 9 
use in pressure tubes, 41 
Niobium systems (Nb-ThO2-UO2 
cermets) 
thermal conductivity, 129 
Nitrogen 
corrosive effects, 173-74 
Noble gases 
thermal conductivity at high tempera- 
ture, 239 
NPY Project, 111-12 
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Organic coolants 
(see Coolants (organic)) 
Orifices 
operating problems in Hallam Power 
Reactor, 288 
Oxide films 
effects on hydriding of Zr alloys, 246-48 
Oxygen 
control of concentration in D,O, 277 
effects on corrosion by polyphenyls, 294 


Packed beds 
heat transfer, 237-38 
Petroleum distillates 
development for reactor use, 295 
Physics, 109-17, 154-55, 157-62, 210-20 
Plates 
evaporation rates from hot, 240 
heat transfer from at cryogenic 
temperatures, 239 
Plutonium 
critical experiments, 211-14 
neutron capture cross sections, 211 
Plutonium-239 
neutron capture cross sections, 211 
Plutonium-240 
neutron capture cross sections, 211 
Plutonium-241 
fission cross sections, 115 
neutron capture cross sections, 211 
Plutonium alloys 
criticality in D2O lattices, 213 
Plutonium alloys (Al-Pu) 
criticality, 210, 212 
Plutonium alloys (Pu-U) 
criticality in lattices, 212-13 
Plutonium carbide systems (PuC-UC) 
design of fuel elements for large fast 
breeder reactors, 147-49, 151-52 
radiation effects, 8 
Plutonium carbides (PuC) 
radiation effects, 8 
Plutonium nitrates 
criticality of solution, 213-14 
Plutonium oxide systems 
critical experiments in water lattices, 210 
Plutonium oxide systems (MgO-PuO2) 
radiation effects, 8 
Plutonium oxide systems (PuO2-UO2) 
critical experiments in water 
lattices, 210, 212 
design of fuel elements for large fast 
breeder reactors, 149-52 
fuel elements, fretting corrosion of 
Zircaloy-2 cladding, 177-82 
fuel elements, specifications, 129 
radiation effects, 8 
Plutonium oxide systems (PuO2-ZrO2) 
radiation effects, 8 
Plutonium oxides 
criticality in polystyrene, 214 
Pneumatic systems 
use in control systems, 223 
Poisons, 10-12 
boric acid, 214, 225 
CdSO, solution use, 214 
Gd(NO3)3, 226 
use in water~moderated reactors, 217 
Polyethylene 
reactivity effects, 109 
Polyphenyls, 123-24, 290-95 
Polystyrene 
moderating effects on PuOz, 214 
Potassium (liquid) 


thermal, thermodynamic, and flow proper- 
ties, 163-64 
Potassium alloys (K-Na)(liquid) 
aerosol formation in, 260 
heat transfer coefficients, 235-36 
thermal, thermodynamic, and flow proper- 
ties, 163 
Power conversion (direct) 
plants, 105-6 
Pressure | 
effects on boiling superheat, 253 
Pressure drop 
of air in finned-tube heat exchangers, 
236-37 
turbulent flow through wire-wrapped, 
seven-rod fuel assemblies, 123 
two-phase, 166, 233-35 
Pressure switches 
Elk River Power Reactor, failure, 272 
Pressure tubes 
design, 40-41 
fretting corrosion, 177-82 
Pressure vessels, 12-14 
design for large pressurized water 
reactors, 138-39 
design for Magnox reactors, 66-68 
KRB Reactor, 12-13 
leaks, 3 
SENA Reactor, 12-13 
SENN Reactor, 12-13 
SEP Reactor, 12 
WWER-1 Reactor, 9-10, 12-14 
Pressurized water 
burnout calculations, 121-23 
Pumps 
development for reactors, 18 
liquid metal, for Hallam Power Reactor, 
282 
Hallam Power Reactor, 282 
Pyrolysis 
organic coolants, 290-91 


Rabbit facility 
design and fabrication, 277 
Radiation (thermal) 
heat transfer calculations, 238-39 
Radiation effects 
biphenyl, 290 
control rods, 271 
core lifetime, 216 
fuel elements, 7-8, 62, 82, 255-56 
hydriding of Zr alloys, 246-48 
polyphenyls, 290-91, 293-94 
reactivity, 217 
SAP, 38 
Zircaloy-2, 38, 41 
Radiolysis 
organic coolants, 290-94 
Reactivity 
calculations, 217 
changes with irradiation, 216 
effects on, 109-10 
measurements in reactors, 157-59 
Reactors 
(see also Critical...) 
corrosion product deposition in, 252 
future development, 17-20 
reactivity, 216-17 
subcriticality measurement during shut- 
down, 224-25 
Reactors (Advanced Gas Cooled)(AGR) 
design, 58 
fuel element design, 62 
operation, 60 
Reactors (Advanced Sodium Graphite) 
buckling studies, 111 


Reactors (Aerospace Shield Test)(ASTR) 
control system, 223 
Reactors (Agesta) 
corrosion in, 275 
design, 47-48, 52-53 
repair procedures, 276 
Reactors (AKB) 
design, 36 
Reactors (Aquilon-II) 
criticality measurements in, 213 
Reactors (ARBUS) 
design and operation, 103-4 
Reactors (AVR) 
design, 73-74 
Reactors (Bashful-600) 
design, 53, 55-56 
Reactors (Beloyarsk-1) 
design, 28-34 
Reactors (Beloyarsk-2) 
design, 28-34 
Reactors (Big Rock Point Power), 6 
design, 4, 7 
flow-induced vibrations, failures from, 
273 
operating experience, 3 
pumps, 18 
Reactors (BN-350) 
design, 94 
status, 92 
Reactors (Bodega Bay Power) 
design, 4 
Reactors (Boiling, Experiments-5) 
(BORAX-5) 
design, 23 
Reactors (Boiling heavy-water) 
design, 55 
Reactors (boiling-water), 3-29 
corrosion product deposition in, 256 
fuel element failure, 254-56 
radiation effects on fuel elements, 255 
water quality control, 254 
Reactors (BONUS) 
design, 23, 25, 27 
Reactors (BR-3) 
design, 5 
use of soluble poison control, 10, 12 
Reactors (BR-5) 
coolant contamination, 75-76 
Status, 95 
Reactors (Berkeley) 
design, 58 
performance, 60 
Reactors (Bradwell) 
design, 58 
performance, 60 
refueling machine operation, 68 
Reactors (Calder Hall) 
design, 58 
Reactors (CANDU), 37-44 
physics, 217 
Reactors (Chapelcross) 
design, 58 
Reactors (Connecticut Yankee Power) 
Cesign, 5 
Reactors (Czechoslovakian Heavy Water) 
design, 56 
Reactors (DON) 
design, 36 
Reactors (DOR) 
design, 36 
Reactors (Dounreay Fast) 
fission product contamination of coolant, 
75 
status, 92 
Reactors (Dragon) 
design, 72-73 
Reactors (Dresden Power), 6 
design, 4, 7 
operating experience, 3 
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pumps, 18 
Reactors (Dungeness) 
design, 58 
Reactors (EDF-1) 
criticality studies in, 213 
design, 58 
Reactors (EDF-2) 
design, 58 
Reactors (EDF-3) 
design, 58 
pressure vessel, 67 
Reactors (EDF-4) 
design, 58 
pressure vessel, 67 
Reactors (EL-4) 
design, 36 
Reactor (Elk River Power) 
control system, 271-72 
coolant flow oscillations, 273 
design, 4 
instrument failure, 272 
Reactors (Enrico Fermi Fast Breeder) 
auxiliary systems, 77-78 
coolant decontamination, 
design, 78-80 
operation, 78 
status, 92 
vapor traps, 261 
Reactors (Experimental Beryllium Oxide) 
(EBOR) 
development, 106 
Reactors (Experimental Boiling Water) 
(EBWR) 
operation, 147 
scaling, 252 
Reactors (Experimental Breeder-I) 
(EBR-I) 
nuclear parameters for Pu core, 158-9 
vapor traps, 260-61 
Reactors (Experimental Breeder-2) 
(EBR-2) 
control rod drive mechanisms, 133-34 
design, 78-80 
coolant decontamination, 77 
status, 92 
vapor traps, 261-63 
Reactors (fast breeder), 84-95 
criticality studies, 110 
design of large, 147-55 
gas coolant, 95 
Reactors (Fast Supercritical Pressure 
Power)(FSPPR) 
design, 186-93 
Reactors (Fast, Test)(FARET) 
vapor traps, 264-65 
Reactors (First Atomic Power Station) 
design, 28-29 
Reactors (fog-cooled) 
heat transfer, 228-29 
Reactors (G2) 
design, 58 
pressure vessel, 67 
Reactors (G3) 
design, 58 
pressure vessel, 67 
Reactors (gas-cooled), 56, 58-74 
design of fast breeders, 95 
operating experience, 216 
physics, 216 
Reactors (General Electric Test)(GETR) 
flow-induced vibrations, failures from, 
273-74 
Reactors (graphite-moderated), 28-34 
core physics calculations, 160-61 
Reactors (Halden) 
flowsheets, 50 
operation, 50-51 
water chemistry, 52 
Reactors (Hallam Power) 


77 
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coolant decontamination, 77 
design, 78-80 
operation, 81, 279-80, 282-88 
vapor traps, 264 
Reactors (Hanford Graphite Superheat) 
(HGSR) 
design, 193-98 
Reactors (heavy-water), 35-37 
oxygen concentration control in coolant, 
277 
physics, 217 
Reactors (Heavy Water Components Test) 
(HWCTR) 
control rod-guide-tube rupture, 222-23 
shutdown with boric acid, 225 
Reactors (Hector) 
criticality measurements in, 212 
Reactors (Hinkley Point) 
design, 58 
Reactors (Humboldt Bay Power), 6 
design, 4, 7 
operating experience, 3 
Reactors (Hunterston) 
design, 58 
Reactors (Indian Point Power) 
(CETR), 6 
control system, 271 
operating experience, 3 
repair procedures, 276-77 
Reactors (Industrial Reactor Laboratories) 
rabbit facility design and fabrication, 277 
Reactors (JPDR) 
design, 4 
Reactors (Kahl Superheating) 
design, 22, 24 
Reactors (KBWP) 
design, 5 
Reactors (KRB) 
design, 4 
pressure vessel, 12-13 
Reactors (La Crosse Boiling Water) 
(LACBWR) 
design, 4 
Reactors (Large Closed Cycle Water) 
fuel element evaluation, 172 
Reactors (Latina) 
design, 58 
Reactors (Lenin) 
design and operation, 97-98 
Reactors (liquid metal-cooled), 75-96 
Reactors (Lithium Cooled, Experiment) 
(LCRE) 
vapor traps, 266-67 
Reactors (Los Alamos Fast, Core Test 
Facility)(FRCTF) 
vapor traps, 265 
Reactors (Los Alamos Molten Plutonium. 
Experiments) (LAMPRE) 
vapor traps, 265 
Reactors (Loss-of-Flow Test)(LOFT) 
program analysis, 240-41 
Reactors (Lucens) 
design, 36 
Reactors (Magnox), 58-71 
Reactors (Malibu-1 Power) 
design, 5 
Reactors (marine), 97-102 
Reactors (Marius) 
criticality measurements in, 213 
Reactors (Maryla) 
design, 111 
Reactors (Marviken) 
design, 47, 49, 52-55 
Reactors (Minerve) 
criticality measurements in, 213 
Reactors (ML-1) 
fuel element evaluation, 173-74 
Reactors (Molten Salt, Experiment) 
(MSRE) 
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development, 106 
Reactors (NERO) 
design, 100-1 
Reactors (New Production)(NPR) 
tubes and fittings, 134-36 
Reactors (Nine Mile Point Power) 
design, 4 
Reactors (NORA) 
fuel element design, 112 
Reactors (Novo-Veronezh)(WWER) 
burnup, 217 
Reactors (NPD), 35-44 
Reactors (NRX) 
testing of reactor materials in, 38 
Reactors (Oldbury) 
design, 58 
pressure vessel, 67 
Reactors (Organic Cooled, Heavy Water 
Moderated Power) 
design, 36 
Reactors (Otto Hahn) 
design, 98-99 
Reactors (Oyster Creek Power) 
design, 4 
Reactors (Parr Shoals Power) 
design, 36 
Reactors (Pathfinder Power) 
design, 23 
Reactors (Peachbottom Power) 
design, 72-73 
Reactors (pebble bed) 
design, 73-74 
Reactors (Plutonium Recycle Test) 
(PRTR) 
control of oxygen in D.O system, 277 
nuclear parameters, 158 
pressure-tube fretting corrosion, 
177-82 
Reactors (PM-1) 
status, 103 
Reactors (PM-2A) 
status, 103 
Reactors (PM-3A) 
status, 103 
Reactors (portable power), 103-4 
Reactors (pressure-tube), 35-45 
Reactors (Pressurized Heavy Water) 
design, 51-53, 55 
Reactors (pressurized-water), 3-29 
development and design of large, 137-47 
use of soluble poisons for control, 10-12 
Reactors (Puerto Rico Power)(BONUS) 
design, 23, 25, 27 
Reactors (R-1) 
design, 36 
Reactors (R-2) 
design, 36 
Reactors (R3/Adam) 
(see Reactors (Agesta)) 
Reactors (Rapsodie) 
status, 92 
Reactors (RB) 
fuel element design, 112 
Reactors (Romaska) 
design, 105-6 
Reactors (RWE) 
design, 4 
Reactors (San Onofre Power) 
design, 5 
pumps, 18 
Reactors (Savannah River) 
burnout computation, 227 
Reactors (Saxton Power) 
design, 5, 7 
operating experience, 3 
use of soluble poison control, 12 
Reactors (SELNI) 
design, 5 
Reactors (SENA) 
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design, 5 
pressure vessel, 12-13 
Reactors (SENN) 
design, 4 
pressure vessel, 12-13 
Reactors (SEP) 
design, 4 
pressure vessel, 12 
Reactors (Shippingport Pressurized Water) 
(PWR), 6 
design, 5 
fuel element performance, 172, 252 
operating experience, 3 
use of burnable poison, 12 
Reactors (Sizewell) 
design, 58 
Reactors (SM-1) 
status, 103 
Reactors (SM-1A) 
status, 103 
Reactors (SNAP-10A) 
design, 105 
Reactor (Sodium, Experiment)(SRE) 
nuclear parameters of second core, 
157-58 
operation, 80-81 
vapor traps, 264 
Reactors (sodium graphite), 80-84 
steam cycles, 183-85 
Reactors (Southwest Experimental Fast 
Oxide)(SEFOR) 
vapor traps, 265 
Reactors (Special Excursion, Tests-2) 
(SPERT-2) 
critical experiments with, 109 
Reactors (Special Power Excursion, Tests-3) 
(SPERT-3) 
electrical circuits, failure, 272-73 
flow-induced vibrations, failures from, 
273-75 
leaks, 275-76 
level controller failure, 272 
Reactors (Steam Generating Heavy Water) 
design, 36 
Reactors (superheating), 22-34 
design of HGSR, 193-98 
fuel element development, 174-75 
Reactors (Tarapur) 
design, 4 
Reactors (TES-3) 
operation, 104 
Reactors (Tokai Mura) 
design, 58 
Reactors (Transient, Test Facility) 
(TREAT) 
vapor traps, 265-66 
Reactors (Trawsfynydd) 
design, 58 
Reactors (UEM) 
design, 5 
Reactors ‘Ultra High Temperature, Experi- 
ment) (UHTREX) 
development, 106 
Reactors (Ulyanovsk) 
design, 25-26 
Reactors (University of Michigan) 
D,O reflectors, 277, 279 
Reactors (University of Missouri at Rolla) 
(UMRR) 
control rod swelling, 222 
Reactors (Vallecitos Boiling Water) 
(VBWR) 
fuel element failure in, 252-54, 256 
Reactors (Vallecitos Superheat) 
design, 22, 24 
Reactors (VULCAIN) 
design, 99-101 
Reactors (water-cooled), 3-29 
material buckling in, 214-15 


physics, 216 
Reactors (water-moderated), 3-29 
material buckling in, 214-15 
physics, 216 
use of poisons in, 217 
Reactors (WWER) 
design, 5 
operating experience, 3 
Reactors (WWER-1) 
design, 19-20 
pressure vessel, 9-10, 12-14 
Reactors (WWER-2) 
design, 19-20 
Reactors (Wylfa) 
design, 58 
pressure vessel, 67 
Reactors (Yankee Power), 6 
control system, 271-72 
critical experiments, 210 
design, 5 
flow-induced vibrations, failures from, 
273-74 
leaks, 275-76 
operating experience, 3 
pumps, 18 
use of soluble poison control, 12 
Reactors (ZPR-3) 
core design, 110-11 
Reflectors 
D20 in University of Michigan Reactor, 
277, 279 
Resonance absorption 
mathematical analysis, 159-60 
Resonance capture 
in U-238, 215 
Resonance Integral Theory 
calculations, 218 
REX code 
criticality calculations, 210 
ROB code 
thermal conductivity calculations, 118 
Rubidium (liquid) 
thermal, thermodynamic, and flow proper- 
ties, 163-64 


Safety 
accident frequency, 221-22 
burnout computation in Savannah River 
Reactors, 227 
coolant flow oscillations in Elk River 
Power Reactor, 273 
fast breeder reactors, 85-86, 153-54 
Hallam Power Reactor, 280 
instrument failures, 272-73 
leaks, 275-76, 282 
loss-of-coolant accidents, 240-41 
shutdown, emergency, 225-26 
University of Michigan Reactor, 279 
University of Missouri at Rolla Reactor, 
222 
vibrations, flow-induced, 273-75 
Salt solutions 
heat transfer to, from wire-wrapped, 
seven-rod fuel element bundles, 123 
Santowax 
sampling techniques, 294-95 
Santowax OMP 
corrosive effects, 294 
film formation by, 293-94 
radiolysis, 290-91 
use in ROSPO Critical Assembly, 112 
Santowax-R 
corrosive effects, 294 
heat transfer properties, 123-24, 295 
radiolysis, 291-92 
SAP 





corrosion by polyphenyls, 293-94 
development for reactor fuels, 37, 39 
radiation effects, 38 
Satellites (man-made) 
Nimbus, thermal design calculations, 240 
Seals 
pressure vessel, leaks, 3 
use of freeze, in Hallam Power Reactor, 
283 
Shims (chemical), 10-11 
Yankee Power Reactor, 272 
Shutdown (emergency) 
use of boric acid, 225 
use of gadolinium nitrate, 226 
Sintered aluminum products 
(see SAP) 
Sodium (gaseous) 
freeze traps for, 285 
Sodium (liquid) 
heat transfer from boiling, 164 
reactor cooling, 75-96 


thermal, thermodynamic, and flow proper- 


ties, 163-64 
Sodium alloys (K-Na)(liquid) 
aerosol formation in, 260 
heat transfer coefficients, 235-36 


thermal, thermodynamic, and flow proper- 


ties, 163 
Sodium Components Test Installation 
vapor traps, 264 
Sodium Test Facility 
vapor traps, 265 
SOFOCATE code 
criticality calculations, 210 
Specifications 
fuel elements, PuO:-UO», 129 
pressure vessels, 13-14 
Spiralator 
heat exchanger, design, 237 
Springs 
use in control system, 22¢ 
Stagnation 
vapor traps utilizing, 260 
Stainless steel systems (stainless steel- 
UO, cermets) 
developme nt for fuel elements, 126-27 
Stainless steels 
cladding for fuel elements, 3, 6-9 
corrosion of, 254, 293-94 
effects of boiling water on, 255 
performance in water-cooled reactors, 
254, 256 
Steam 
effects on hydriding of Zr alloys, 246 
Steam (superheated) 
heat transfer, 40, 121 
Steam generators 
design for large pressurized water 
reactors, 138 


operating problems in Hallam Power Reac- 


tor, 284 
Steam-water systems 
boiling burnout in, 166-67 
flow and heat transfer, 165, 166-70 
Steels 
corrosion, 9-10, 293-94 
STOKE code, 35 
for heavy water reactor simulation, 35 
Stress corrosion 
effects of oxygen concentration, 255 
Stresses 
(see also Thermal stresses) 
effects on cracking, 252, 255 
Subcriticality 
measurement, 224-25 
Sulfur 
effects on corrosion by polyphenyls, 294 
Superheated steam 
(see Steam (superheated)) 
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Superheating 

pressure effects on boiling, 253 
Surfaces 

effects on boiling, 231, 253 


Tanks 
failure of Na expansion, in Hallam Power 
Reactor, 285 
Teflon 
flexible tube heat exchangers, 237 
Temperature sensors 
failure in Elk River Power Reactor, 272 
TEMPEST code 
cross section calculations, 212 
Terpheny! 
heat transfer properties of irradiated, 
123-24 
Thermal conductivity 
effects on pool boiling, 230 
fuel elements, 118-21, 129 
heat transfer calculations, 239 
hydrogen at high temperatures, 239 
noble gases at high temperature, 239 
Thermal neutrons 
absorption cross section and diffusion 
length in graphite, 114-15 
distribution in light-water reactors, 215 
Thermal radiation 
heat transfer calculations, 238-39 
Thermal stresses 
in fuel elements, 253, 255 
Thermometers 
failure in Elk River Power Reactor, 272 
THERMOS code 
cross section calculations, 212 
thermal neutron distribution calcula- 
tions, 215 
Thorium alloys (Th-U) 
fuel element development for fast breeder 
reactors, 89 
Thorium alloys (Th-U-Zr)(Zircaloy-2-clad) 
fabrication of fuel elements, 130 
Thorium oxide systems (Nb-ThO2-UO, 
cermets) 
thermal conductivity, 129 
Thorium oxide systems (ThO2-UO2) 
fuel element design, 3, 6-9 
radiation effects, 8 
Traps 
for aerosols, 359-70 
for carbon, oxides, and Na in Hallam 
Power Reactor, 285 
for liquid metal systems, 259-70 
Tubes 
(see also Pressure tubes) 
burnout, 16-17 
burnout of water in, 121 


heat transfer from, at cryogenic tempera- 


tures, 239-40 
Tubes (finned) 
use in heat exchangers, 236-37 
Tungsten systems (Mo-W-UO2 cermets) 
development for fuel elements, 128 
Tungsten systems (W-UO» cermets) 
development for fuel elements, 127-28 
Turbulent flow 
(see Fluid flow (turbulent)) 
Two-phase flow 
(see Fluid flow) 


Uranium 
criticality in D2O lattices, 213 
criticality in graphite lattices, 212-13 
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radiation effects on reactivity, 217 
Uranium-233 
radiation effects on reactivity, 21 
Uranium-235 
fission ratio to U-238, 110 
fission spectrum cross section, 115 
radiation effects on reactivity, 217 
Uranium-238 
fission ratio to U-235, 110 
resonance capture, 215 
Uranium (enriched) 
criticality in D,O lattices, 213 
Uranium alloys (Pu-U) 
criticality in lattices, 212-13 
Uranium alloys (Th-U) 
fuel element development for fast breeder 
reactors, 89 
Uranium alloys (Th-U-Zr)(Zircaloy-2-clad) 
fabrication of fuel elements, 130 
Uranium carbide systems (PuC-UC) 
design of fuel elements for large fast 
breeder reactors, 147-49, 151-52 
radiation effects, 8 
Uranium carbides (UC) 
buckling studies, 111 
development for fuel elements for sodium 
graphite reactors, 81-83 
evaluation for fuel elements, 174 
fabrication of Na-bonded fuel elements, 
129-30 
radiation effects, 8, 82 
Uranium nitrides (UN) 
radiation effects, 8 
Uranium oxide systems 
critical experiments in water lattices, 
210 
Uranium oxide systems (Al»03-UOd2) 
radiation effects, 8 
Uranium oxide systems (BeO-UO2) 
radiation effects, 8 
Uranium oxide systems (BeO-UOQ,) 
(Hastelloy-X-clad) 
fuel elements, evaluation, 173 
Uranium oxide systems (Mo-UO, cermets) 
fabrication into fuel elements and thermal 
conductivity, 129 
Uranium oxide systems (Mo-W-UO 


é 


cermets) 
development for fuel elements, 128 
Uranium oxide systems (Nb-ThO2-UO 
cermets) 
thermal conductivity, 129 
Uranium oxide systems (PuO)-UO,) 
critical experiments in water lattices, 
210, 212 
design of fuel elements for large fast 
breeder reactors, 149-52 
fuel elements, fretting corrosion of 
Zircaloy-2 cladding, 177-82 
fuel elements, specifications, 129 
radiation effects, 8 
Uranium oxide system (stainless steel- 
UO: cermets) 
development for fuel elements, 126-27 
Uranium oxide systems (ThO2-UO2) 
fuel element design, 3, 6-9 
radiation effects, 8 
Uranium oxide systems (W-UO2 
cermets) 
development for fuel elements, 127-25 
Uranium oxide systems (UO2-ZrO2) 
radiation effects, 8 
Uranium oxides (UO2) 
evaluation, 172-74 
fretting corrosion, 177-82 
fuel elements, design, 3, 6-9 
fuel elements, evaluation, 172- 
fuel elements, fabrication, 12 
fuel elements, thermal conductivity, 
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119-21 

pulsed neutron studies, 112 

radiation effects, 8 
Uranium silicides (U3Si) 

radiation effects, 8 
Uranium sulfides (US) 

radiation effects, 8 
Uranium systems 

criticality in water lattices, 210-11 
Uranyl nitrate 

criticality of solutions, 213 


Vv 
Valves 
performance in Hallam Power Reactor, 
282-84 


Vapor traps 
for liquid metal systems, 259-70 
Vaporizers 
flow stability in forced convection, 231- 
32 
Vena contracta 
mixing during reexpansion, 235 
Vertical channels 
(see Channels) 
Vibrations 
flow-induced, failures from, 273-75 
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Ww 


Water 
burnout heat flux under forced 
convection, 122 
condensation, 233 
corrosion of steel, 9-10 
criticality studies in lattices of, 210-212 
dissociation, effects on hydriding 
of Zr alloys, 248 
effects on corrosion by polyphenyls, 294 
moderator, pulsed neutron studies in, 113 
quality control, 254 
reactivity effects, 109-10 
Water (pressurized) 
burnout calculations, 121-23 
Water-air systems 
flow, techniques for observing, 165 
Water-ice systems 
free convection melting, heat transfer 
calculations, 239-40 
Water-steam systems 
boiling burnout in, 166-67 
flow and heat transfer, 165, 166-70 


Zircaloy alloy 
cladding for fuel elements, 3, 6-9 
effects of hydriding on properties, 245 


Zircaloy-2 alloy 
corrosion, 42-45 
effects of hydriding on properties, 
245, 248-49 
hydriding, control of, 249-50 
hydrogen absorption, 246 
radiation effects, 38, 41 
use in pressure tubes, 41 
Zircaloy-2 alloy (Ni-tree) 
hydrogen absorption, 246 
Zircaloy-4 alloy 
hydriding, control of, 250 
hydrogen absorption, 246 
Zirconium alloys 
hydriding, 246-51 
Zirconium alloys (coated) 
corrosion by polyphenyls, 294 
Zirconium alloys (Nb-Zr) 
corrosion, 42-45 
hydriding stress allowance, 9 
use in pressure tubes, 41 
clad) 
Zirconium alloys (Th-U-Zr)(Zircaloy-2-clad) 
fabrication of fuel elements, 130 
Zirconium hydride 
formation in Zircaloys, 245-46 
orientation, 250-51 
Zirconium oxide systems (PuOQ2-ZrO») 
radiation effects, 8 
Zirconium oxide systems (UO2-ZrOz2) 
radiation effects, 8 
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